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ABSTRACT 
BRIAN CHRISTOPHER MILES: Small-scale management of stormwater in urbanized 
watersheds: a Geoinformatics-Driven Ecohydrology modeling approach 
(Under the direction of Lawrence E. Band) 
 
The objective of this dissertation is to improve understanding of how green infrastructure, 
including small-scale redistribution of water and changes to soils and vegetation, affects 
water budget and stormwater peaks and low flows across spatial scales in urbanized 
watersheds through the use of ecohydrology modeling.  Given the expense of retrofitting 
existing development and building new stormwater infrastructure, ecohydrology models are 
indispensible tools for understanding the effects that stormwater control measures are likely 
to have on the hydrology of medium-density urbanized watersheds.  However, these models 
require diverse geospatial datasets, the acquisition and preparation of which are labor 
intensive, yielding scientific workflows that are difficult to reproduce.  In this research we 
develop improved representations of small-scale engineered surface drainage in the Regional 
Hydro-Ecological Simulation System (RHESSys) ecohydrology model, along with 
simulations of various residential area surface drainage configurations, as well as software 
tools, EcohydroLib and RHESSysWorkflows, that allow water scientists to rapidly develop 
reproducible ecohydrology modeling workflows. 
We describe the design and demonstrate the use of EcohydroLib to acquire data needed 
to create RHESSys data preparation workflows using RHESSysWorkflows for three small 
headwater watersheds, two urban and one forested.  Using baseline RHESSys models built 
 
iv 
using RHESSysWorkflows for two medium-density urbanized watersheds in Baltimore, MD 
and Durham, NC, we developed four scenarios of residential rooftop hydrologic connectivity 
to existing pervious surfaces or impervious surfaces drained by storm sewers.  We found that 
disconnecting all single-family residential rooftops from nearby impervious surfaces results 
in decreased daily peak flows and increased daily baseflow, with a slight reduction in yearly 
streamflow.  This result was only statistically significant for the Durham, NC watershed. 
We developed additional modeling experiments to compare differences in water budget 
and stormwater volume across spatial scales when redirecting residential rooftop runoff to 
un-altered pervious surfaces versus engineered bioinfiltration rain gardens.  Results show that 
at the watershed scale rooftop runoff redirected to rain gardens, even pervasively applied 
across two distinct watersheds, has only small, non-statistically significant effects (increasing 
base flow levels and decreasing storm flow peaks) when compared to scenarios with 
observed rates of residential rooftop connectivity to impervious surfaces determined through 
field surveys.  
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CHAPTER 1. SMALL-SCALE MANAGEMENT OF STORMWATER IN URBANIZED 
WATERSHEDS: A GEOINFORMATICS-DRIVEN ECOHYDROLOGY MODELING 
APPROACH 
1.1 Introduction 
The objective of this dissertation is to improve understanding of how green infrastructure, 
including small-scale redistribution of water and changes to soils and vegetation, affects 
water budget and stormwater volume across spatial scales in urbanized watersheds.  Non-
point source urban stormwater runoff from impervious surfaces (paved roads, parking lots, 
rooftops) contributes to the degradation of streams and receiving water bodies and threatens 
important ecosystem services including water supply, flood protection and biodiversity.  To 
meet U.S. federal and state water quality goals managers are turning their attention to 
stormwater retrofits for existing development on single-family residential parcels in 
urbanized watersheds, where rooftops and fertilized lawns are potential sources of 
stormwater pollution.  Such retrofits (e.g. diverting runoff from residential rooftops to 
adjacent pervious areas including lawns and engineered rain gardens) are part of a 
stormwater management practice known as Low Impact Development (LID), whose goal is 
to mimic pre-development hydrology by capturing and treating stormwater close to where it 
originates.  A key assumption of LID is that water infiltrated on-site does not contribute to 
storm flow, but is released more slowly as baseflow (Figure 1.1).  However, work in forested 
headwater watersheds in the humid eastern U.S. (e.g. Coweeta Hydrologic Laboratory, North 
Carolina; Sleeper’s River, Vermont) has shown that large amounts of storm flow can derive 
from shallow subsurface flow (e.g. in steep areas with highly conductive soils), return flow 
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and saturation overland flow.  Figure 1.2a reproduces the classic “Dunne diagram” (Dunne & 
Leopold 1978) showing different runoff response mechanisms by land use, topography, soils 
and climate.  This diagram assumes differences between catchments, but we note that within 
most urban areas, there is a mix of land cover with a potential interaction between 
impervious and pervious areas by run-on infiltration, which can lead to a number of fates for 
stormwater as depicted in Figure 1.2b.  The practice of disconnecting impervious areas to 
spill onto pervious areas is the essence of LID design.  In site-based LID design, this run-on 
infiltration is considered to be a loss term, resulting in evapotranspiration, deep ground water 
recharge, or slow release to the stream as baseflow rather than storm flow.  In medium-
density urban areas (i.e. those with less than ~80% and greater than ~40% total impervious 
cover), we do not well understand the mix and pattern of conditions (e.g. soils, land use, 
topography, climate, types of sanitary and drainage infrastructure, etc.) for which water 
infiltrated from LID retrofits may contribute to storm flow as infiltration excess (Hortonian) 
overland flow, saturation overland flow, or shallow subsurface flow.  Relatedly, we do not 
have a good understanding of whether LID stormwater retrofits on single-family residential 
parcels can significantly contribute to the restoration of pre-development hydrology at the 
watershed scale given the presence of other types of development, for example large retail 
development or transportation networks, in urbanized watersheds with heterogeneous land 
cover. 
Due to the great expense of retrofitting existing development and building new 
stormwater infrastructure, simulations of land cover and hydrology are indispensible tools for 
estimating the effects that stormwater control measures are likely to have on urban hydrology.  
The heterogeneity of medium-density urban landscapes, with fine-scale mixture of differing 
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vegetation types, pavements and buildings, challenge our attempts to advance understanding 
of the hydrology and biogeochemistry of stormwater pollution.  To surmount this challenge, 
it is necessary to employ an urban ecosystems approach rather than separate hydraulic, 
hydrological or biogeochemical approaches.  Such an urban ecosystems approach can be 
aided by the use of distributed ecohydrology models such as the Regional Hydro-Ecologic 
Simulation System (RHESSys) that combine mechanistic representations of water, energy, 
carbon, and nutrient cycling through coupled climate-soil-vegetation systems, with 
interactions between surface and subsurface water and engineered stormwater systems.  
However, ecohydrology models require diverse geospatial datasets (e.g. terrain, soils, 
vegetation species and leaf area index), the acquisition and preparation of which are labor 
intensive, yielding scientific workflows that are difficult to reproduce.  Thus, the work 
detailed in this dissertation sits at the intersection of hydrologic science, urban stormwater 
management, and hydroinformatics. 
The goal of this study is to further understanding of how green infrastructure retrofit of 
parcel-scale residential stormwater management contributes to meeting water quality goals at 
the watershed scale by answering the over-arching question: does run-on infiltration at the 
site scale translate into a significant decreases in storm flow at the watershed scale?  The 
following related questions are addressed in chapters 3 and 4:  
1. How does residential rooftop hydrologic connectivity to impervious surfaces 
influence stormwater volume from urbanized watersheds?  I hypothesize that 
decreasing residential rooftop connectivity will decrease daily storm flow peaks 
while increasing baseflow. 
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2. How does the location of residential rooftop connectivity in a watershed (near to 
vs. far from streams) affect stormwater volume?  I hypothesize that disconnecting 
rooftops to route runoff to pervious surfaces farther from the stream will yield 
smaller storm flows compared to disconnected rooftops closer to the stream where 
groundwater levels and soil moisture may be higher, and thus variable source area 
runoff processes more prevalent. 
3. How do different methods for redirecting residential rooftop runoff from 
impervious surfaces (e.g. routing to lawns vs. engineered rain gardens) affect 
stormwater fate across spatial scales?  I hypothesize that lateral redistribution 
from rooftops to rain gardens, rather than to existing lawn- or tree-covered 
pervious areas, will increase infiltration and evapotranspiration and decrease 
runoff across spatial scales (parcel to hillslope), and decrease watershed-scale 
daily storm flow while increasing base flows. 
To answer these questions, this study develops improved representations of small-scale 
engineered surface drainage (e.g. gutters and downspouts draining residential rooftops) in the 
RHESSys ecohydrology model, simulations of various residential area surface drainage 
configurations (e.g. routing rooftops to streets, lawns, or engineered rain gardens), as well as 
software tools that allow water scientists to rapidly develop reproducible ecohydrology 
modeling workflows. 
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1.2 Background 
1.2.1 Impervious surfaces and urban stormwater 
Land use planners and water resources managers have long appreciated that the 
percentage of land cover devoted to impervious surfaces (e.g. buildings, sidewalks, parking 
lots, roads) in urbanized watersheds influences the degree of hydrologic change experienced 
compared to reference non-urbanized watersheds (Leopold 1968).  Total percent 
imperviousness (TI) has also been associated with indicators of ecological disturbance in 
urban streams such as loss of habitat, decreased water quality, and less benthic 
macroinvertebrate diversity and abundance (Walsh et al. 2005).  This association has been 
described in the impervious cover model (ICM; Schueler 1994), a tool meant to help 
managers relate urban stream quality with level of development (as indicated by watershed 
impervious surface coverage).  The ICM posits that urban streams begin to see altered 
hydrologic conditions that negatively affect aquatic biodiversity when impervious surface 
coverage reaches 10% or greater.  Schueler et al. (2009) updated the ICM hypothesizing an 
envelope of potential stream conditions (ranging from poor to excellent) for a given 
percentage of impervious coverage.  This range of conditions is wider at lower percentages 
of impervious cover, and in general reflects the variability of stream responses to 
development.  This variability arises from factors beyond simple impervious cover (e.g. 
forest cover, road density, sanitary infrastructure).  It has been shown that effective 
impervious coverage (EI), which is the proportion of watershed area covered by impervious 
surfaces that drain directly to streams, better predicts stream ecological conditions than 
simpler measures such as TI (Booth & Jackson 1997; Walsh et al. 2009). 
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1.2.2 Urban variable source area hydrology 
In small (<50-km2) forested humid watersheds storm runoff (a.k.a. quick flow, sensu 
Hewlett & Hibbert 1967) can result from saturation overland flow or subsurface storm flow 
(McDonnell et al. 2010; Dunne & Black 1970; Hewlett & Hibbert 1967), with subsurface 
storm flow being more prevalent in steep terrain or in areas with highly conductive soils, and 
saturation overland flow being more prevalent in less steep areas or in less conductive soils 
(Harr 1977).  The portions of a watershed contributing runoff can vary in spatial extent 
depending on watershed topography, geology and pedology, as well as antecedent soil 
moisture conditions, and rainfall intensity and duration (Dunne et al. 1975), giving rise to 
variable source areas (VSA).  Under VSA conditions, quick flow can be produced via 
saturation excess overland flow due to a combination of return flow (upslope subsurface 
flows that re-emerge at the surface within variable source areas) or direct runoff from rain 
falling on variable source areas (Hewlett & Hibbert 1967).  Return flow is driven by 
translatory subsurface flow (a.k.a. throughflow) produced from lower and mid-slope areas of 
a watershed.  In translatory flow, extant soil water can be displaced by infiltrated rainfall 
input (so-called piston flow; Bonell 1998), or can result from preferential flow through 
macropores or soil pipes (Tromp-Van Meerveld & McDonnell 2006; McDonnell 1990).  
Translatory flow transiting upslope areas (i.e. near ridges or far from riparian areas) can 
contribute to quick flow in areas with steep, conductive soils, and can also serve as a 
subsurface subsidy to mid- and low-slope positions, which can contribute to translatory quick 
flow in subsequent storm events, to streamflow in between storm events (a.k.a. slow flow), or 
to ground water recharge (Sklash & Stewart 1986; McGlynn & McDonnell 2003).  Thus, 
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quick flow can be comprised of both “old” (soil water from subsurface storm flow or return 
flow) and “new” (direct rainfall input) water.   
In medium-density humid urbanized watersheds, the presence and hydrologic 
connectivity of impervious surfaces gives rise to the urban variable source area (UVSA) 
concept, where quick flow response is dependent on a combination of infiltration excess 
overland flow (a.k.a. Hortonian overland flow) from impervious surfaces as well as on 
underlying variable source area dynamics (Easton et al. 2007).  Urban development is not 
often built in the steepest areas, which would make subsurface flow a less likely source of 
quick flow.  However, the subsurface in urban areas may exhibit high transmissivity due to 
features such as pipes or gravel trenches (both of which may act as preferential flowpaths). 
The degree to which either variable source area, subsurface flow or infiltration excess 
overland flow dominate quick flow production in urbanized catchments depends on the 
extent and connectivity of impervious surfaces to storm sewer and stream drainage networks 
(Schwartz & Smith 2014), as well as subsurface conditions.  In humid watersheds composed 
of low TI and low EI, the UVSA hypothesis posits that underlying variable source area 
processes will tend to dominate, while quick flow response in watersheds with high EI will 
be dominated by Hortonian runoff from impervious surfaces.  When EI is reduced by 
disconnecting impervious surfaces from storm sewer networks and redirecting their flow to 
pervious areas, some runoff from these impervious areas may still contribute to quick flow.  
The degree to which this happens should depend, according to the UVSA hypothesis, on the 
terrain position in the watershed of the impervious surface (e.g. terrain shape and distance to 
stream), as well as on the size of the variable source area, which can vary due to the 
conditions stated above for forested areas, but also due to changes in soil moisture from non-
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rainfall inputs (e.g. irrigation, leakage from sanitary sewers, or water supply).  If the 
disconnected impervious flow does not contribute to VSA quick flow, it may contribute to 
transient soil water storage, eventually leaving the watershed through evapotranspiration, by 
becoming delayed streamflow in the recession limb or base flow, or by recharging deeper 
groundwater storage. 
1.2.3 Stormwater control measures 
Since the late 1970s, stormwater control measures (SCM; often called “best management 
practices” or BMP) have been constructed to treat the water quantity and quality side effects 
of urban development.  SCM can include: bioretention (rain gardens), detention ponds, 
porous pavement, grass swales, as well as non-structural SCM including street and catch 
basin cleaning.  Urban residential stormwater management has been traditionally practiced at 
the neighborhood scale (e.g. detention or retention basins installed as new subdivisions are 
built).  However, the level of pollution reduction required to meet contemporary stormwater 
volume and water quality goals has motivated managers to treat runoff and nutrient pollution 
from areas where land may not be available for neighborhood-scale management (e.g. private 
residential land developed prior to the ~1980s). 
With the implementation of recent Total Maximum Daily Load (TMDL) regulations in 
North Carolina and elsewhere (e.g. 2007 Jordan Lake TMDL, 2010 Chesapeake Bay TMDL), 
there has been continued attention paid to SCM design and performance from both 
hydrological and pollution reduction perspectives.  In a comparison of the impervious surface 
runoff reduction and pollution remediation performance of six bioretention cells in Maryland 
and North Carolina, Li et al. (2009) found that bioretention effectively reduced and delayed 
runoff for small storm events, and that evapotranspiration reduced outflow by 19% for two 
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bioretention cells in Maryland over the course of the study.  Hunt et al. (2008) evaluated 
water quality improvement and runoff reduction of a bioretention cell draining a parking lot 
in Charlotte, NC; for the small to moderate precipitation events measured peak outflows were 
reduced 96 - 100%.  In the absence of such empirical research, the design efficiency of 
instances of particular stormwater control measures are often assumed based on expert 
opinion, without regard to terrain position, or using tools that only evaluate SCM 
performance on a site-by-site rather than watershed basis. 
1.2.4 Hydrology modeling and urban stormwater 
While numerous models have been applied to model stormwater hydrology in urbanized 
catchments, many are focused on capturing hydraulic behavior of urban grey infrastructure 
(e.g. storm sewers and detention ponds), for example the mechanistic Storm Water 
Management Model (SWMM; U.S. Environmental Protection Agency 2014), or Geomorphic 
Instantaneous Unit Hydrograph (GIUH) based approaches such as the Illinois Urban 
Hydrologic Model (Cantone & Schmidt 2011).  SWMM simulates detailed urban hydraulics, 
including pipes and open-channel conveyances, and can be used to evaluate the effects of 
SCM on runoff volumes and pollutant loading.  However, SWMM does not model water use 
by vegetation nor consider VSA or shallow groundwater dynamics, all important 
considerations for reducing nonpoint source pollution in heterogeneous landscapes.  
Commercial decision support tools, such as SLAMM (Pitt & Voorhees 2002) and MUSIC 
(Fletcher et al. 2001) allow stormwater managers to design SCM in series (a.k.a. treatment 
trains) for urbanized catchments, but also do not consider VSA or groundwater dynamics. 
Others have applied semi-distributed models capable of simulating the contributions of 
impervious and pervious areas to non-point source runoff production in agricultural 
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watersheds (SWAT; Arnold et al. 1998) and suburban watersheds (TOPMODEL; Furusho et 
al. 2013; Valeo & Moin 2000).  Fully-distributed process-based energy-water balance models 
capable of simulating surface and subsurface flows have also been applied at moderate 
spatial resolution (e.g. 10- to 30-m) to evaluate the effects of the conversion of forested to 
urbanized land (e.g. DHSVM; Cuo et al. 2008; Wigmosta & Burges 1997; SMDR; Easton et 
al. 2007).  However, to improve understanding of changes to hydrology and biogeochemical 
cycling that arises in heterogeneous medium-density heterogeneous urbanized landscapes, a 
high spatial-resolution (e.g. 5-m or finer) spatially explicit ecohydrology modeling approach 
may be required.  Such an approach, which considers the coupled surface and sub-surface 
cycling of water, carbon, and nutrients, can be aided by the use of ecohydrology modeling 
frameworks such the Regional Hydro-Ecological Simulation System (RHESSys).  Compared 
to lumped or semi-distributed models, or low spatial resolution distributed models, high-
resolution distributed models such as RHESSys provide outputs that are more directly 
comparable to point-scale observation of variables of concern to hydrology and 
biogeochemistry such as soil moisture.  Compared to RHESSys, more detailed three-
dimensional surface-subsurface models such as ParFlow are accompanied by greater 
computational complexity, making calibration and uncertainty analysis prohibitively costly 
(Bhaskar 2013). 
Originally developed to model forested ecosystems in the semi-arid mountain West of the 
U.S., RHESSys is an open-source GIS-based ecohydrology framework that simulates carbon, 
water, and nitrogen cycling in complex terrain (Band et al. 1993; Band et al. 2000; Tague & 
Band 2004).  As a spatially distributed continuous-time model, RHESSys can model variable 
source area interactions between ecohydrological processes from patch to watershed scales 
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over hours to hundreds of years.  RHESSys has been applied in urbanized ecosystems in San 
Diego, CA (Tague & Pohl-Costello 2008) and Baltimore County, MD (Mittman et al. 2012) 
to better understand changes in streamflow as a result of urbanization in ungauged 
catchments, and to model runoff responses to differing extents and patterns of tree cover in 
suburban catchments near Baltimore, MD (Mittman 2009). 
1.2.5 Scientific workflows and reproducible geoscience 
While adaptation of distributed ecohydrology models holds the potential to resolve 
variable source area, ecosystem, and surface-subsurface hydrologic interactions that can 
benefit design and performance prediction for LID practices, such models are typically 
difficult to parameterize and calibrate.  Ecohydrology models such as RHESSys require 
diverse geospatial datasets (e.g. terrain, soils, vegetation species and leaf area index), the 
acquisition and preparation of which are labor intensive, yielding workflows that are difficult 
to reproduce.  Scientific workflow systems are tools for representing and managing complex 
distributed data transformations and analyses while providing provenance information 
needed for conducting reproducible science (Gil et al. 2007).  Recently, domain and 
information scientists have turned their attention to improving geoscience workflows in 
general (cf. U.S. National Science Foundation EarthCube) and water science in particular.  
Plale (2012) identifies common tasks in water sciences that can be aided by workflow 
systems, including: (1) data discovery; (2) data cleaning and formatting; (3) data ingest; (4) 
data assimilation and forecast model execution; and (5) data analysis.  The benefits of 
scientific workflows include: (1) automation; (2) enabling non-programmer researchers to 
author their own data processing, analysis, modeling, and visualization pipelines; (3) capture 
of relevant metadata and provenance information while workflow tasks are executed (e.g. 
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parameters used to execute the task); (4) reuse and repurposing; and (5) reproduction and 
verification of results (Duffy et al. 2012; Guo et al. 2012; Plale 2012).  Reusable workflows 
are widely seen as a prerequisite for scientific reproducibility (Wroe et al. 2007), and 
increasingly, high-profile scientific journals are moving to require sharing of data and models 
to improve scientific reproducibility (Silva 2014; Blöschl et al. 2014). 
1.3 Methods 
1.3.1 Developing a common framework for reproducible ecohydrology model data 
preparation workflows 
In Chapter 2, we present a summary of the software architecture and development of 
EcohydroLib and RHESSysWorkflows.  EcohydroLib is an open-source software framework 
for managing spatial data acquisition and preparation workflows for ecohydrology modeling.  
RHESSysWorkflows is an extension of EcohydroLib that provides tools for parameterizing 
RHESSys models for specific catchments based on data acquired and assembled by 
EcohydroLib.  As a case study of RHESSysWorkflows we develop RHESSys models for 
three small (0.6-15-km2) urbanized and forested headwater catchments.  Geospatial data 
needed to build models for these study sites include standard U.S. spatial data infrastructure – 
e.g. National Hydrologic Dataset (NHD), National Elevation Dataset (NED), USDA State 
Soil Geographic Data Base (SSURGO), National Land Cover Database (NLCD) – as well as 
custom local datasets, such as high-resolution LIDAR-derived digital elevation model 
(DEM), high-resolution land cover, and storm sewer networks. 
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1.3.2 Examining the role of residential rooftop hydrologic connectivity in stormwater 
runoff in urbanized ecosystems 
For Chapter 3, we seek to improve understanding of the degree to which residential 
parcel-scale stormwater management affects storm flow and baseflow in urbanized 
watersheds.  To simulate differences in residential rooftop hydrologic connectivity, we added 
a surface flow network description that is not determined by topography (which represents 
engineered drainage) to the RHESSys ecohydrology model.  To test the hypotheses that: (1) 
decreasing residential rooftop connectivity will decrease watershed-scale quick flow while 
increasing slow flow; and (2) disconnecting rooftops closer to streams will reduce quick flow 
at the watershed outlet less than disconnecting rooftops farther from streams, we developed 
four ecohydrology model scenarios for two Piedmont study catchments in Baltimore, MD 
and Durham, NC that have few existing stormwater control measures.  For the first 
hypothesis two scenarios were applied: all single-family rooftops were directly connected to 
adjacent impervious surfaces (which are drained by storm sewers); and all single-family 
rooftops were disconnected from adjacent impervious surfaces.  The remaining two scenarios 
applied to the second hypothesis: single-family rooftops far from streams were directly 
connected to adjacent impervious surfaces; and single-family rooftops near streams were 
directly connected. 
1.3.3 Redirection of residential rooftop runoff to pervious surfaces – impact on 
stormwater fate across spatial scales 
With Chapter 4, we seek to further understanding of how different methods of small-scale 
redistribution of water within single-family residential parcels affects water budget and 
stormwater volume across spatial scales in urbanized watersheds.  Here we hypothesize that, 
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compared to un-altered pervious areas (e.g. lawns or tree-covered areas), routing residential 
rooftop runoff to rain gardens will: (1) increase infiltration and evapotranspiration across 
spatial scales (residential parcel to hillslope); and (2) decrease watershed-scale quick flow 
and increase slow flow.  To address these hypotheses we developed high spatial-resolution 
numerical experiments using RHESSys (for the same study catchments used in Chapter 3) 
where residential rooftop runoff was routed to un-altered pervious areas (lawn or tree-
covered), or to engineered rain gardens whose soil and vegetation were modified according 
to common bioretention design standards.  These scenarios were compared to two baseline 
scenarios, one where all residential rooftops were connected to impervious surfaces drained 
by storm sewers, and another where rooftop connectivity was based on field observations 
using “curb surveys.”  Curb surveys were conducted from public rights-of-way (streets and 
sidewalks) in each study watershed.  The percent roof area (0%, 25%, 50%, 75%, or 100%) 
of a given house directly connected to storm sewer-drained impervious surfaces was 
estimated based on the number of total downspouts visibly draining onto adjacent impervious 
surfaces.  Roughly 1/3 of all residential households were surveyed in both study catchments, 
and the connectivity of unobserved houses was estimated by randomly applying percentage 
rooftop area connectivity rates to unobserved houses. 
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Figure 1.1 Conceptual urbanized hillslope showing: vertical and horizontal fluxes of water and nutrients, 
hydrologically connected and disconnected residential rooftops, and storm drain draining transportation 
impervious surfaces.  A major question in urban variable source area hydrology is the extent to which 
run-on infiltration may be rapidly routed downslope as shallow subsurface flow contributing to quick 
flow, or lost to deep groundwater, contributing to slow flow. 
 
Figure 1.2 Conceptual diagram showing (a) dominant runoff processes and their controls in un-
developed and low- and medium-density urbanized watersheds, reproduced from Dunne and Leopold 
1978, and (b) potential fates of stormwater in low- to medium-density urbanized watersheds. 
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CHAPTER 2. TOWARD A COMMON FRAMEWORK FOR ECOHYDROLOGY 
MODEL DATA PREPARATION WORKFLOWS: ECOHYDROLIB 
2.1 Preface 
Spatially distributed process-based ecohydrology models are useful for answering science 
and management questions related to the coupled cycling of water, energy, carbon, and 
nutrients in forested as well as urbanized ecosystems.  In forested ecosystems, example 
inquiries include how stream water availability, carbon and nutrient cycling varies with 
changes in management (e.g. harvesting) or climate.  In urbanized ecosystems, ecohydrology 
models can support integrated assessment of how stormwater quantity and quality vary with 
changes in land cover composition and structure (e.g. the extent of impervious surfaces and 
the degree to which those surfaces are directly connected to streams) for new development 
and redevelopment.  In either case, physically based ecohydrology models require many 
types of geospatial data (e.g. terrain, soils, land cover, planimetric data including roads and 
building footprints, drainage networks), the volume of which increases as the spatial 
resolution and extent of study areas increases.  Additionally, these data may be sourced from 
national spatial data available via the Internet (e.g. National Elevation Dataset, National 
Hydrography Dataset), and also from local sources (e.g. Long Term Ecological Research 
network, Nation Ecological Observatory Network, municipal governments, field data 
collected by researchers). 
In addition to the diversity and abundance of data and data sources needed to 
parameterize ecohydrology models, these data must be pre-processed and converted into 
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forms that models can use directly.  The workflows used to perform such manipulations are 
often manually orchestrated by researchers and may not be well documented.  Such manual 
workflows make it difficult for others to reproduce the results of studies relying on 
ecohydrology models.  In the following chapter, we present a summary of the software 
architecture and development of EcohydroLib and RHESSysWorkflows.  EcohydroLib is an 
open-source software framework for managing spatial data acquisition and preparation 
workflows for ecohydrology modeling.  RHESSysWorkflows is an extension of 
EcohydroLib that provides tools for parameterizing RHESSys models for specific catchments 
based on geospatial data acquired and assembled by EcohydroLib.  RHESSysWorkflows and 
EcohydroLib workflows are used to support the modeling described in chapters 3 and 4. 
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2.2 Abstract 
Spatially distributed process-based ecohydrology models are useful for answering science 
and management questions related to the coupled cycling of water, energy, carbon, and 
nutrients in forested as well as urbanized ecosystems.  To do so, these models require diverse 
geospatial input datasets (e.g. terrain, soils, vegetation species and leaf area index), the 
acquisition and preparation of which are labor intensive, yielding workflows that are difficult 
to reproduce.  In this chapter we describe EcohydroLib, a software framework for managing 
spatial data acquisition and preparation workflows for ecohydrology modeling. We also 
present RHESSysWorkflows, an extension of EcohydroLib that provides geospatial data 
preparation workflows for the Regional Hydro-Ecological Simulation System (RHESSys) 
model.  The goal of EcohydroLib and RHESSysWorkflows is to enable water scientists to 
spend less time acquiring and manipulating geospatial data and more time testing hypotheses 
and interpreting model output, while making it easier for models to be shared and scientific 
results to be reproduced.  EcohydroLib provides library code and workflow commands for 
acquiring, manipulating, and managing geospatial data needed to run a variety of 
ecohydrology models (e.g. RHESSys, SWAT, VIC).  Workflow steps common across 
models can be performed using EcohydroLib commands, for example identifying a 
streamflow gage or study area, acquiring terrain, landcover and soils data.  Modelers can then 
use model-specific workflow commands built on top of EcohydroLib, such as those provided 
by RHESSysWorkflows, to transform input data into formats appropriate for direct use by 
particular models. We applied RHESSysWorkflows to develop specific model 
parameterizations for three small (0.6-15-km2) headwater watersheds, two urbanized and one 
forested: (1) Dead Run 5, part of the Baltimore Ecosystem Study Long Term Ecological 
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Research (LTER) site; (2) the West Ellerbe Creek watershed in Durham, NC; and (3) 
watershed 14 of the Coweeta Hydrologic Laboratory LTER near Franklin, NC. Geospatial 
data for these sites were drawn from national spatial data infrastructure as well as custom 
local datasets.  EcohydroLib’s ability to easily acquire input data via web services and to 
combine these data with local datasets allows scientists to more easily perform study site and 
model structure inter-comparisons. Moreover, EcohydroLib and RHESSysWorkflows have 
the potential to improve scientists’ ability to perform reproducible ecohydrology modeling 
science as well as to share model parameterizations with colleagues using emerging 
platforms such as HydroShare (http://www.hydroshare.org/). 
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2.3 Introduction 
Researchers working in the interdisciplinary field of ecohydrology are concerned with the 
cycling of energy, carbon, water, and nutrients through coupled climate-soil-vegetation 
systems (Rodríguez-Iturbe 2000), and with the interaction between water cycling and the 
ecological community.  Environmental modeling can incorporate information from diverse 
sources and relies heavily on cyberinfrastructure (CI; e.g. hardware, software, sensors, 
networks, and the human and social capital necessary to make use of these) to assist in the 
collection, analysis, and visualization of observed and modeled data.  Ecohydrology models 
require diverse geospatial datasets (e.g. terrain, soils, vegetation species and leaf area index), 
the acquisition and preparation of which are labor intensive, yielding workflows that are 
difficult to reproduce. 
The increasing use of cyberinfrastructure to carry out complex modeling, data analysis, 
and visualization tasks has led to the adoption of workflow systems of increasing complexity 
(Deelman et al. 2009).  Workflow construction tools (e.g. Cyberintegrator, Kepler, VisTrails) 
enable scientists to create workflows by combining a series of services needed to complete a 
set of tasks (e.g. data preparation, analyses and modeling, visualization; Goble et al. 2010).  
Scientific workflows are a paradigm for representing and managing complex distributed data 
transformations and analyses while providing provenance information needed for conducting 
reproducible science (Gil et al. 2007).  Scientific workflows, compared to business 
workflows, tend to require more flexibility, which is a reflection of the exploratory nature of 
the scientific method employed in most research settings.  Exploratory analyses must be 
provided for in scientific workflows, and can be implemented as user steering, which exposes 
decision points within workflows to input from domain experts.  However, there is an 
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inherent tension between allowing such flexibility and ensuring scientific reproducibility.  
Plale (2012) notes that the scientific process is nuanced and hard to repeat; when manual 
processes are automated some control is lost as there is tacit knowledge that is difficult to 
express using the semantics afforded by scientific workflow systems. 
Over the past decade, workflow systems have been gaining use across the sciences (e.g. 
high-energy physics, biological science as well as climate science).  More recently, domain 
and information scientists have turned their attention to improving cyberinfrastructure for 
geoscience workflows in general (cf. U.S. National Science Foundation (NSF) EarthCube; 
http://www.earthcube.org/) and water science in particular.  In an analysis of Australia’s 
Water Information Research and Development Alliance (WIRADA), Plale (2012) identifies 
the benefits of adopting workflow systems to carry out tasks common to water sciences, and 
considers how amenable these tasks are to representation in scientific workflow systems.  
The tasks include: (1) data discovery; (2) data cleaning and formatting; (3) data ingest; (4) 
data assimilation and forecast model execution; and (5) data analysis.  The challenge for 
workflow systems in geosciences is to enable easy: (1) workflow creation, including 
debugging; (2) validation of workflows; (3) running of workflows across workflow systems; 
(4) results visualization; (5) results publishing; (6) sharing and reuse of workflows among 
scientists in a community and across disciplines to allow results to be reproduced (Duffy et al. 
2012; Guo et al. 2012).  The generally recognized benefits of scientific workflows include: 
(1) automation (allowing scientists to focus on analysis, not execution of tasks); (2) enabling 
non-programmer researchers to author their own data processing, analysis, modeling and 
visualization pipelines; (3) capture of relevant metadata and provenance information while 
workflow tasks are executed (e.g. parameters used to execute the task); (4) reuse and 
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repurposing; and (5) reproduction and verification of results (Duffy et al. 2012; Guo et al. 
2012; Plale 2012).  In summarizing a 2006 NSF-sponsored workshop on the Challenges of 
Scientific Workflows, Gil et al. (2007) note that scientific reproducibility is difficult to 
achieve due to provenance records being scattered among scientists and stored using 
disparate technologies (paper notes, source code, publications).  Two kinds of reproducibility 
can be distinguished: scientific and engineering (Gil et al. 2007).  Scientific reproducibility 
implies that given initial data and a description of methodology, a third party can obtain 
results similar enough to confirm the hypothesis generated by the original researcher.  
Engineering reproducibility aims to perfectly replicate, bit-by-bit, the results of scientific 
analyses.  Bit-by-bit reproducibility requires more information than scientific reproducibility, 
and is sensitive to details such as computer architecture, compiler flags, etc. 
Reusable workflows are widely seen as a prerequisite for scientific reproducibility (Wroe 
et al. 2007).  Increasingly, high-profile scientific journals are moving to require sharing of 
data and models (Silva 2014; Blöschl et al. 2014).  Further, reusable workflows can also 
reduce workflow creation time and improve workflow quality by avoiding the error-prone 
recreation of existing workflow components.  To reuse or repurpose a workflow, one must be 
able to discover the workflow in the first place; discovery requires that workflows be 
registered in a workflow repository. Sharing scientific workflows with colleagues through 
such repositories has become commonplace.  myExperiment (Goble et al. 2010) is one such 
repository, and is designed following a social networking web portal paradigm to facilitate 
bioinformatics workflow discovery and sharing.  Within water and geosciences tools for 
sharing data, modeling results, and parameterized models have been developed in recent 
years.  U.S. Geological Survey (USGS) Geo Data Portal enables such sharing via open-
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standard web services (Blodgett et al. 2011).  WaterHUB (http://water-hub.org/) allows 
parameterized SWAT (Soil Water Assessment Tool) models to be uploaded, run on HPC 
resources, and shared among users (citation).  Building on the success of CUAHSI 
Hydrologic Information System (HIS), the recently funded HydroShare project promises to 
allow water scientists to discover and share hydrology data and models using a social 
networking web portal paradigm (http://hydroshare.cuahsi.org/). 
Here we present a summary of the software architecture and development of 
EcohydroLib and RHESSysWorkflows.  EcohydroLib provides a software framework for 
managing spatial data acquisition and preparation workflows for ecohydrology modeling. 
RHESSysWorkflows is an extension of EcohydroLib that provides tools for building 
geospatial data preparation workflows for the Regional Hydro-Ecological Simulation System 
(RHESSys) model using data acquired and assembled by EcohydroLib.  Originally 
developed to model forested ecosystems in the semi-arid mountain West of the U.S., 
RHESSys is an open-source GIS-based ecohydrology framework that simulates carbon, 
water, and nitrogen cycling in complex terrain (Band et al. 1993; Band et al. 2000; Tague & 
Band 2004).  As a spatially distributed continuous-time model, RHESSys can model spatio-
temporal interactions between ecohydrological processes from patch to watershed scales.  
Early on, RHESSys was applied primarily to forested ecosystems to explore watershed-scale 
effects of climate change, ecological controls on nitrogen export, and forest harvesting and 
road construction (Band et al. 1996; Band et al. 2001; Tague & Band 2001).  More recently, 
RHESSys has been applied in urbanized ecosystems in San Diego, CA (Tague & Pohl-
Costello 2008) and Baltimore County, MD (Mittman et al. 2012) to better understand 
changes in streamflow as a result of urbanization in un-gauged catchments, and to model 
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runoff responses to differing extents and patterns of tree cover in suburban catchments near 
Baltimore, MD (Mittman 2009). 
As a case study of EcoHydroLib and RHESSysWorkflows we develop the spatial 
datasets and the RHESSys parameter files necessary to model three small (0.6-15-km2) 
headwater catchments, two urban and one forested: (1) Dead Run 5, part of the Baltimore 
Ecosystem Study Long Term Ecological Research (LTER) site; (2) the West Ellerbe Creek 
watershed in Durham, NC; and (3) watershed 14 of the Coweeta Hydrologic Laboratory 
LTER near Franklin, NC.  Geospatial data needed to build models for these study sites 
include data from standard U.S. spatial data infrastructure (e.g. National Hydrologic Dataset 
(NHD), National Elevation Dataset (NED), USDA State Soil Geographic Data Base 
(SSURGO), National Land Cover Dataset (NLCD)) as well as custom local datasets, such as 
high-resolution LIDAR-derived digital elevation model (DEM), high-resolution land cover, 
and storm sewer network datasets. 
In the sections that follow we first discuss the results of interviews and surveys that 
informed the design and architecture of EcohydroLib and RHESSysWorkflows.  We describe 
more fully our case study application of RHESSysWorkflows offering an assessment of the 
degree to which EcohydroLib and RHESSysWorkflows help improve researcher productivity 
and scientific reproducibility.  We conclude with thoughts on future directions for 
ecohydrology workflow research and software development. 
2.4 Materials and methods 
2.4.1 RHESSys user interviews and survey 
To inform the design of RHESSysWorkflows and EcohydroLib, we interviewed and 
surveyed current RHESSys users.  The interview script was developed and tested prior to 
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developing the survey instrument, which was designed to allow comparison with interview 
results.  Interviews were conducted in person while surveys were administered using the 
web-based Qualtrics Research Suite provided by the University of North Carolina at Chapel 
Hill (UNC-CH).  Interviews and surveys were not considered to be human subject research 
by the UNC-CH IRB (study no. 13-1961). 
The goal of the interviews and survey, henceforth “survey”, was to understand how 
RHESSys modelers acquire and prepare the input data needed to run RHESSys models.  
While the community of RHESSys modelers is small, this exercise is designed to ascertain 
the current heterogeneity of approaches for input data acquisition, preparation, and model 
analysis and interpretation. The survey included the following sections: (1) demographic 
information; (2) data types and sources; (3) data manipulation and software tools; (4) 
documentation of data acquisition and processing; and (5) scientific productivity.   
Eight interviews were conducted with current and former RHESSys modelers at UNC-
CH and at the Bren School of Environmental Science & Management, University of 
California, Santa Barbara (UCSB), while surveys were administered to modelers at UCSB, 
and six other institutions (Table 2.1).  Nine surveys were completed (one nearly so), for a 
total of 17 respondents (18 including the incomplete survey; the current RHESSys user e-
mail list contains roughly 50 e-mail addresses).  Most respondents were students or early 
career scientists (Table 2.2).  To understand how respondents use RHESSys, we asked them 
to categorize their usage by role: (1) user (running models for particular watersheds where 
others built the models); (2) builder (building models on their own); and (3) developer 
(updating or writing new RHESSys model code).  Most respondents built their own models 
at least some of the time, and there were a large number of sometime-developers (Table 2.3).  
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We note that most interviews where with personnel closely related in academic training, 
which may limit the generality of results, but may be typical of the user community for a 
number of academic software systems. 
Based on survey results (Table 2.4), RHESSys modelers are using a wide variety of 
spatial (44 sources) and time-series (20 sources) data, from custom local data to national 
spatial data infrastructure (i.e. geospatial datasets with complete or near complete national 
coverage, for example NED, NHD, USDA SSURGO).  When gathering and manipulating 
these data, respondents were only sometimes capturing metadata; the most frequently used 
methods of metadata capture were: pencil and paper, text files, and spreadsheet documents 
(Table 2.5).  Common data manipulation tasks performed by RHESSys modelers (Table 2.6) 
can be broken into two categories: geospatial data processing (e.g. re-gridding, re-projection, 
re-classifying, rasterizing vector datasets), and time series data processing (e.g. general 
QA/QC, such as gap filling, removing outliers, detecting long-term bias; and unit conversion, 
date alignment).  The most common tools for performing these tasks were a mix of open-
source and commercial software packages, including: R Project for Statistical Computing; 
GRASS GIS, ArcGIS, Excel, MATLAB, GDAL, and Whitebox GAT (Table 2.7). 
To conclude the interviews and surveys, we asked RHESSys modelers how they typically 
spend their time when doing RHESSys modeling (Table 2.8) as well as what they would 
rather spend less time doing, and more time doing (Table 2.9).  To do this, we broke the 
ecohydrology modeling lifecycle into the following stages: (1) preparing model input data; 
(2) calibrating model parameters; (3) running model scenarios; and (4) analyzing model 
results.  Respondents spent the most time doing data preparation and calibration (in addition 
to a fifth stage, model debugging, which emerged from our respondents; we interpret model 
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debugging as the iterative process of code testing and debugging, model calibration, and 
output analysis with the goal of matching model behavior to perceptual models of how 
watersheds work).  Not surprisingly, RHESSys modelers indicated that they would rather 
spend less time doing data preparation, and more time running model scenarios and 
analyzing results. 
2.4.2 Software design 
EcohydroLib provides library code and workflow commands for acquiring, manipulating, 
and managing geospatial data needed to run a variety of ecohydrology models (e.g. 
RHESSys, SWAT, VIC).  RHESSysWorkflows provides high-level commands for 
developing RHESSys data preparation workflows, obviating the error-prone process of 
running dozens of lower-level commands by hand.  Workflow steps common across models 
can be performed using EcohydroLib commands, for example identifying a study area, or 
acquiring terrain or soils data via web services.  Modelers can then use model-specific 
workflow commands (i.e. RHESSysWorkflows) built on top of EcohydroLib to transform 
input data into formats appropriate for direct use by a particular model.  In this way, 
EcohydroLib increases the amount of code shared across ecohydrology model data 
preparation workflows, reducing duplication.  The design of EcohydroLib was informed by: 
(1) surveys of RHESSys users (see above); (2) experimental integration with RHESSys and 
Variable Infiltration Capacity (VIC) model data preparation workflows; and (3) personal 
experience as a RHESSys modeler. It should be noted that EcohydroLib does not at present 
provide workflow tools for acquiring or transforming time series data needed to run 
ecohydrology models (e.g. climate data such as temperature or precipitation).  We chose to 
exclude time series data acquisition and preparation workflows at present because time series 
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quality assurance workflows tend to be more complex (e.g. due to the need to fill gaps and 
detect biases in data) than workflows needed for performing common manipulations of 
geospatial data products (e.g. re-gridding or re-projecting). 
2.4.2.1 Architecture 
EcohydroLib consists of a layered architecture (Figure 2.1) that allows water scientists to 
build workflows for acquiring geospatial data, transforming these data into a common 
coordinate system and geographic extent, and storing these data in generic formats (e.g. 
GeoTIFF, ESRI Shapefile).  Once these generic data are registered with EcohydroLib, they 
are available to model-specific components, such as those provided by RHESSysWorkflows, 
which transform the data into model-specific file formats required for input to a particular 
model. 
EcohydroLib and RHESSysWorkflows workflows are composed of loosely coupled 
commands for performing geospatial data acquisition and preparation (Figure 2.2). These 
workflows are orchestrated via a metadata store provided by the ecohydrolib.metadata 
package.  Workflow commands are built using task-oriented application programming 
interfaces (API) defined in the packages ecohydrolib and rhessysworkflows.  These 
commands provide tools for downloading and manipulating geospatial data needed to run 
ecohydrology models, information such as digital elevation model (DEM), soils, land cover, 
and vegetation leaf area index. 
The metadata store, essentially a key-value store (e.g. a dictionary), is used to orchestrate 
a series of workflow commands used to prepare data for an ecohydrology model.  The 
metadata contain information related to the study area (e.g. bounding box coordinates, spatial 
reference, spatial resolution), provenance information for each spatial data layer imported, 
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and a processing history that records the order in which commands were run as well as the 
parameters used to invoke each command.  Provenance information is represented as a subset 
of Dublin Core attributes (http://dublincore.org/). When using the workflow commands in a 
stand-alone environment, the metadata store provides information necessary to understand 
where geospatial input data came from, and what transformations have been made to those 
data.  When the workflow commands are integrated into a data grid or workflow 
environment (e.g. integrated Rule-Oriented Data System; iRODS), the metadata store can 
serve as a staging area for metadata and provenance information that will be registered into 
the metadata store provided by the data grid or workflow environment. 
The fundamental operation for any EcohydroLib workflow is to define the study region 
of interest (ROI).  In EcohydroLib the ROI is simply defined as a bounding box of WGS84 
latitude and longitude coordinates (e.g. coordinates for the upper- left and lower-right 
corners).  For workflows using the National Hydrography Dataset Plus (NHD Plus; 
http://www.horizon-systems.com/nhdplus/), the ROI bounding box can be derived using 
catchment polygons associated with the stream reaches upstream of a particular streamflow 
gage (in general an arbitrary point along a stream reach could be used, though this is not 
currently implemented).  The user begins by picking a streamflow discharge gage listed in 
the NHD Plus dataset (typically a USGS streamflow gage listed in NWIS: 
http://waterdata.usgs.gov/nwis/).  EcohydroLib then determines the stream reaches upstream 
of the gage, and selects the catchment polygons associated with each upstream reach.  From 
these polygons, the bounding box of the land area draining through the streamflow gage is 
calculated.  It is also possible to define a custom study area based on an arbitrary polygon 
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shapefile, or an arbitrary streamflow gage can be registered with a workflow using a point 
shapefile. 
Once the ROI is known, EcohydroLib allows the user to import geospatial datasets (DEM, 
soils, etc.) specific to the study area.  These data are copied into the project directory and 
registered with the metadata store located therein.  Geospatial data are imported in raster 
format, with the exception of SSURGO soils data, which are imported as Geographic 
Markup Language (GML) and converted to ESRI Shapefile format.  Raster data in any 
format supported by GDAL (http://www.gdal.org/) may be imported, but are converted to 
GeoTIFF format on import.  Currently, EcohydroLib recognizes the following classes of 
raster map: (1) land cover; (2) soil; (3) leaf area index (LAI); (3) patch (e.g. a map of 
ecological patch extents, such as vegetation types); (4) zone (i.e. climate zone); (5) isohyet 
(e.g. used for scaling rainfall with elevation); (6) vegetation leaf carbon; (7) vegetation 
rooting depth; (8) roads; and (9) building footprint.  Geospatial data can be imported from 
local copies of national spatial data (e.g. NLCD) or custom local data (e.g. LIDAR-derived 
DEM), while others can be retrieved via web services interfaces from federal agency data 
centers (e.g. SSURGO soils data from USDA) or from third-party data centers (NED from 
GeoBrain WCS4DEM; http://geobrain.laits.gmu.edu). 
Once the geospatial data necessary for parameterizing a particular ecohydrology model 
have been registered with an EcohydroLib workflow (i.e. copied into the project directory, 
and resampled into a common spatial reference system and resolution), a modeler can 
transform these generic data into model-specific formats using a tool such as 
RHESSysWorkflows (Figure 2.3).  Application of RHESSysWorkflows to three headwater 
watersheds is described in the Case study section below. 
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2.4.2.2 User interface 
EcohydroLib and RHESSysWorkflows are accessible as command line tools.  To 
improve usability, each command follows the same conventions for command line 
parameters, which include a help option (i.e. --help, or -h) that provides detailed descriptions 
of required and optional parameters.  It should be noted that because of EcohydroLib’s 
metadata store, the number of parameters the user is required to specify for each command is 
minimized — most of the information required to run a command can be read by the 
command itself from the metadata store.  The user will be informed via a friendly error 
message if the information required for running a command is not present in the metadata 
store.  For the purpose of building RHESSys models, it bears noting that current manual 
workflows require users to run dozens of commands via the command line (mainly as 
GRASS GIS commands); the higher level tools provided by RHESSysWorkflows requires 
the user to run far fewer easier to understand commands. 
2.4.2.3 Implementation details 
EcohydroLib and RHESSysWorkflows are written in Python 2.7, and are provided free of 
charge under the New BSD License; source code is hosted on GitHub: (1) 
https://github.com/selimnairb/EcohydroLib; and (2) 
https://github.com/selimnairb/RHESSysWorkflows. Detailed installation instructions, 
tutorials, and API documentation are available at http://pythonhosted.org/rhessysworkflows/ 
and http://pythonhosted.org/ecohydrolib/. Operating system support includes Linux and OS 
X. It may be possible for users to run EcohydroLib in a Microsoft Windows environment, but 
we have not tested this due to limited resources; we welcome collaborators willing to test, 
  
36 
verify, and maintain Windows compatibility.  For the time being, Microsoft Windows users 
are encouraged to run EcohydroLib and RHESSysWorkflows under a Linux virtual machine. 
2.5 Case study 
As a case study of EcohydroLib and RHESSysWorkflows, we developed RHESSys 
models for three small (0.6-15-km2) headwater catchments, two urbanized and one forested: 
(1) Dead Run 5, part of the Baltimore Ecosystem Study Long Term Ecological Research 
(LTER) site; (2) the West Ellerbe Creek watershed in Durham, NC; and (5) watershed 14 of 
the U.S. Forest Service Coweeta Hydrologic Laboratory, and the U.S. National Science 
Foundation-funded Coweeta Long Term Ecological Research (LTER) site and near Franklin, 
NC.  Geospatial data from these sites included standard spatial data infrastructure as well as 
custom local datasets.  In the following sections, these study sites, and the rationale for their 
inclusion in the case study are described more fully; a description of the data acquisition and 
preparation workflows then follows. 
2.5.1 Study sites 
The Baltimore study watershed, Dead Run 5 (DR5; Figure 2.4), is a Piedmont headwater 
watershed composed of 1.6 km2 of urbanized land (40% impervious area) developed before 
contemporary stormwater regulations were enacted.  Soils in the DR5 watershed are mostly 
silt loam and are characterized as being well drained to poorly drained (i.e. near riparian 
areas). The study watershed lies within the greater Dead Run watershed, which is a 14-km2 
sub-watershed of the 171.5-km2 Gwynns Falls watershed, draining into the Chesapeake Bay 
at Baltimore Harbor.  Gwynns Falls serves as the main study site of the BES LTER.  
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Continuous streamflow stage and discharge data for DR5 are available from a U.S. 
Geological Survey stream gauge (USGS gage ID 01589312). 
Like DR5, West Ellerbe Creek (WEC hereafter; Figure 2.5) is a headwater watershed 
composed of urbanized land cover (36% impervious area).  The WEC is an order of 
magnitude larger with a drainage area of 15-km2.  Continuous streamflow stage and 
discharge data are provided USGS gage ID 0208675010.  Soils in the watershed range from 
sandy loam to silt loam (near riparian areas) and are characterized as being moderately well 
drained to somewhat poorly drained (near riparian areas).  Located in the Piedmont 
physiographic province, Ellerbe Creek flows into Falls Lake, a water supply reservoir for 
Raleigh, NC.   
Finally, to test the workflow tools’ ability to work in more traditional, for RHESSys, 
forested catchments, we developed a RHESSys model for Watershed 14 of the Coweeta 
Hydrologic Laboratory LTER near Franklin, NC.  Watershed 14 (CWT14 hereafter; Figure 
2.6) is a 0.6-km2 forested headwater catchment, serves as a forested reference catchment, and 
has been undisturbed since 1927. 
DR5 watershed in Baltimore, MD, is the site of numerical modeling experiments we and 
others are conducting to assess the efficacy of green infrastructure (GI) for stormwater 
management at the small residential parcel scale (e.g. rooftop downspout disconnection, rain 
gardens) and urban groundwater (see chapters 3 and 4).  Likewise, WEC watershed in 
Durham, NC is used as a reference watershed model whose calibrated parameters will be 
transferred to a model of a nearby un-gauged catchment so that similar numerical 
experiments can be performed (see chapters 3 and 4).  Given the fine scale of residential 
rooftops and parcels, models for both the DR5 and WEC catchments were developed using 
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very high-resolution data (1-3-m spatial resolution) from local sources. To exercise the 
ability of RHESSysWorkflows to support comparisons of different model structures for the 
same catchment, WEC watershed was also developed using national spatial data at roughly 
30-m spatial resolution (WEC30m).  CWT14 model was developed using high-resolution 
data available through the Coweeta LTER and U.S. Forest Service, and simulated at a 10-m 
spatial resolution.  The DR5 model was developed at a spatial resolution of 3-m.  To 
minimize memory footprint and model runtime, WEC model was developed at a 5-m 
(WEC5m) spatial resolution (the 3-m resolution DR5 model consumed roughly 8 GB of 
memory, while the 5m resolution model of the larger WEC model consumed 28 GB of 
memory), which is close enough in spatial resolution to the eventual 3-m resolution GI study 
model to allow parameters calibrated from the WEC5m model to be transferred.  Note that 
we are not using RHESSys for, nor is it suited to, simulating the hydraulics of high spatial or 
temporal resolution surface flow routing; all surface flow is assumed to leave the watershed 
within a single daily time step, but is routed over the land surface from ridge to stream reach. 
2.5.2 Data acquisition workflows 
EcohydroLib tools were used to create data acquisition workflows for each of the study 
catchments.  Detailed tutorials for performing EcohydroLib data acquisition workflows are 
provided at https://github.com/selimnairb/RHESSysWorkflows.  In this section, we broadly 
sketch the workflow steps used to acquire data for the study watersheds.  See Table 2.10 for a 
listing of geospatial data use to develop each model, as well as the sources of those data.  
USDA Soil Survey Geographic (SSURGO) Data Base (http://websoilsurvey.nrcs.usda.gov/) 
data were used for all watersheds and were acquired via Web Feature Service (WFS) and 
Simple Object Access Protocol (SOAP) web services hosted by USDA.  Code for accessing 
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SSURGO data via web services is contained in ecohydrolib.ssurgo. National Elevation 
Dataset data used in the WEC30m model were acquired from GeoBrain WCS4DEM, which 
is related to DEM Explorer (Han et al. 2012).  Code for accessing WSC4DEM is contained in 
ecohydrolib.wcs4dem. 
Data acquisition workflows developed for national spatial data infrastructure (as applied 
to the WEC30m model) involve the following general steps:  
1. Specify a streamflow gage registered in the National Hydrography Dataset (NHD) 
Plus (using the command GetNHDStreamflowGageIdentifiersAndLocation; see 
Figure 2.7 for example output); 
2. Extract the NHD catchment area drained by the streamflow gage 
(GetCatchmentShapefileForNHDStreamflowGage);   
3. Determine the study area bounding box (i.e. minimum bounding rectangle) from 
NHD catchments (GetBoundingboxFromStudyareaShapefile);  
4. Subset the DEM from DEM Explorer (GetDEMExplorerDEMForBoundingbox; 
Figure 2.8);  
5. Acquire NLCD data via a web service hosted by the Oak Ridge National Lab 
Distributed Active Archive Center (DAAC; http://daac.ornl.gov; 
GetNLCDForDEMExtent); and  
6. Acquire surface soil texture data from USDA SSURGO web services 
(GetSSURGOFeaturesForBoundingbox; Figure 2.9). 
Custom or local data workflows (i.e. those applied to DR5, WEC5m, and CWT14 
models) generally follow a different path from national spatial infrastructure workflows: (1) 
import custom DEM residing on a locally mounted file system into the EcohydroLib project 
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directory using the RegisterDEM command (the study area bounding box will be determined 
from the DEM extent); (2) import streamflow gage location from a locally stored point 
shapefile (RegisterGage); (3) acquire surface soil texture data from USDA SSURGO web 
services (GetSSURGOFeaturesForBoundingbox); (4) import custom local landcover data 
into EcohydroLib project directory (RegisterRaster).  Note that for DR5 WEC5m models, a 
second “stream-burned DEM” was imported into the project directory (RegisterRaster).  
Stream-burned DEMs are used to enforce watershed boundaries imposed by streams and 
storm drains in urbanized or agricultural watersheds; stream-burned DEMs were created 
using stream burning functions provided by Whitebox GAT 
(http://www.uoguelph.ca/~hydrogeo/Whitebox/), though other tools could be used to produce 
stream-burned DEMs.  Manual verification of watershed boundaries derived from stream-
burned DEMs was performed to ensure that modeled watershed shape and area correspond to 
common definitions of our study watersheds (e.g. USGS watershed areas). Manual 
verification is necessary because even stream-burned DEMs may not capture all drainage 
connections present in urban catchments. 
The above examples represent two major starting points for EcohydroLib data acquisition 
workflows.  However, the order of subsequent workflow steps are not prescribed, and many 
alternate workflow paths as possible (Figure 2.10).  For national spatial data workflows (i.e. 
those starting from an NHD gage and using a DEM acquired from DEMExplorer) 
EcohydroLib will set the spatial reference system to the appropriate UTM (WGS84) zone, 
defined by European Petroleum Survey Group (EPSG) code, as determined by the centroid of 
the study area bounding box, and the spatial resolution and extent for the project will be 
determined from the DEM.  Spatial reference, and resolution can be overridden on DEM 
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import.  For local data workflows, the spatial extent, resolution, and reference system used 
for a particular project are determined from the DEM.  The resolution and reference system 
can be overridden when the DEM is imported.  Once the DEM is imported, all subsequent 
data imported will by default be resampled or re-projected to the extent, resolution, and 
spatial reference system of the project, though raster resampling can be disabled on import.  
Thus, for both workflow types, users will typically import the DEM before importing other 
datasets. 
2.5.3 Model-specific data preparation workflows 
Once data for each study watershed had been acquired and stored in generic data formats 
(e.g. GeoTIFF, ESRI Shapefile) using EcohydroLib workflow tools, data preparation 
workflows can be developed for particular ecohydrology models.  We developed 
RHESSysWorkflows to demonstrate model-specific data transformation for RHESSys.  In 
the future, tools for developing input data needed for other models (e.g. SWAT, VIC) could 
be likewise built on top of EcohydroLib.  RHESSysWorkflows data preparation workflows 
transform DEM, landcover, soils, and other datasets from generic formats into the parameter 
files (worldfile, flow table, and vegetation and soil parameter definition files) needed to run 
RHESSys (Figure 2.3).  Worldfiles are a hierarchical representation of a watershed where 
vegetation and soils are described for each patch (patches can be grid-based or can represent 
ecologically meaningful units such as biome type), which are nested in hillslopes, which are 
contained by basins (i.e. the watershed).  Climate zones can be represented at different levels 
as appropriate.  Flow tables describe the network used to redistribute water and solutes (i.e. 
carbon and nitrogen) laterally within each watershed.  Parameter definition files describe the 
physiological properties of different types of vegetation (e.g. environmental controls of 
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stomatal conductivity) and the physical properties of soils.  A subset of possible 
RHESSysWorkflows preparation workflows are documented at 
https://github.com/selimnairb/RHESSysWorkflows.  In the remainder of this section, we 
briefly describe the workflow used to generate the RHESSys input data required for our 
study watersheds. 
RHESSys data preparation tools (e.g. grass2world, and createflowpaths) currently rely 
on GRASS GIS (GRASS Development Team 2012) to manage spatial datasets needed to 
create worldfiles and flow tables.  Therefore, the first step of any RHESSysWorkflows 
workflow is to create a GRASS location from the DEM (CreateGRASSLocationFromDEM).  
With the DEM in GRASS, the watershed can be delineated (DelineateWatershed) as 
RHESSysWorkflows determines the streamflow gage location based on metadata created by 
EcohydroLib.  In manual RHESSys workflows, watershed delineation was a tedious and 
error-prone step because streamflow gage coordinates are not always perfectly aligned to 
streams as they appear in DEM data.  We developed a GRASS add-on, r.findtheriver 
(http://grass.osgeo.org/grass64/manuals/addons/r.findtheriver.html), to automate the 
“snapping” of streamflow gage coordinates to the streams delineated from the DEM for a 
particular project. 
Before the worldfile, flow table, vegetation and soils parameters can be created for a 
study watershed, RHESSys source code must be imported into a project 
(ImportRHESSysSource).  RHESSysWorkflows can import RHESSys code directly from the 
official source code management (SCM) repository (currently hosted on GitHub; 
https://github.com/RHESSys/RHESSys), or from a local copy of the source tree.  Having a 
copy of the model source code associated with each RHESSysWorkflows project is a 
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necessary, though not sufficient, requirement for ensuring scientific reproducibility.  In 
addition to RHESSys code, which includes main model code as well as code for creating 
worldfiles and flow tables, RHESSysWorkflows needs to download the RHESSys parameter 
database (ParamDB) from its source repository (https://github.com/RHESSys/ParamDB) into 
each project directory.  ParamDB allows the RHESSysWorkflows to programmatically 
determine, based on GRASS GIS raster map values, parameters to use for different types of 
soils, vegetation, land uses, and climate zones. The parameter database currently contains 
ecophysiological parameters for base classes of major vegetation types (e.g. broadleaf 
deciduous, evergreen conifer, C3 grasses) as well as soil physical properties for USDA soil 
texture classes.  However, ParamDB is extensible and as an open-source project, the library 
of parameters should grow over time. 
Once the RHESSys code and ParamDB have been imported into a project, soil, 
vegetation stratum, and land use definitions can be generated automatically using raster 
datasets stored in GRASS as well as parameter classes contained in ParamDB 
(GenerateSoilTextureMap, GenerateLandcoverMaps).  After soil, vegetation, and land use 
parameters have been defined, the user will typically create a patch map that uniquely 
identifies patches in a watershed (GeneratePatchMap).  For the four study watersheds, we 
use grid-based patch maps, but RHESSysWorkflows can create non-gridded patch maps, and 
also allows users to import their own patch maps.  Climate time series data are the last data 
needed to create a worldfile.  EcohydroLib and RHESSysWorkflows do not currently provide 
workflow tools for acquiring or preparing climate time series data.  However, 
RHESSysWorkflows allows users to import RHESSys-formatted climate data into a project 
(ImportClimateData).  After climate data have been imported, the user needs to create a 
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worldfile template before creating a worldfile or flow table.  The template is used by the 
RHESSys tools grass2world and createflowpaths to determine what raster datasets (stored in 
GRASS) are to be used to build worldfile and flow table structure and composition (e.g. soil 
types, vegetation types, presence of impervious surfaces or roads); the template reflects the 
hierarchical structure of the world file with a “world” containing basins, which contain 
hillslopes containing one or more patches, and one or more vegetation strata contained in 
each patch (as mentioned above, climate zones can be instantiated at any level).  Under 
manual RHESSys workflows, creating a well-formed worldfile template is a tedious and 
error-prone process requiring manual editing using a text editor.  Using RHESSysWorkflows, 
the template can be created automatically for the user based on project metadata 
(GenerateWorldTemplate).  With the template in place, RHESSysWorkflows allows the user 
to create worldfiles and flow tables with simple commands (CreateWorldfile, 
CreateFlowtable) requiring few parameters. Most of the parameters required by grass2world 
and createflowpaths can be inferred automatically from project metadata.  To support custom 
workflow steps not yet codified in formal EcoydroLib or RHESSysWorkflows commands, 
EcohydroLib provides the RunCmd command so that arbitrary command line tools can be 
used to manipulate files in the EcohydroLib project directory.  Each invocation of RunCmd 
results in an entry being written to the metadata for a particular project.  Once the worldfile 
and flow table have been created, the RHESSys model is ready to be calibrated. 
2.6 Results 
After RHESSys models for the study sites were prepared using EcohydroLib and 
RHESSysWorkflows, model soil hydraulic parameters were calibrated using a Monte Carlo 
approach.  Calibrated parameter uncertainty was evaluated using Generalized Likelihood 
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Uncertainty Estimation (GLUE; Beven & Binley 1992).  GLUE addresses possible 
equifinality of different sets of model parameters (Beven 2006) by identifying behavioral 
parameter sets (i.e. those that satisfy a threshold value for a likelihood function for simulating 
the observed behavior of the system being modeled).  See Chapter 3 for a full description of 
the model calibration and uncertainty estimation process. 
Results of the GLUE uncertainty estimation for the DR5 model (Figure 2.11) show good 
prediction of storm flow peaks.  However, there is a consistent over-prediction of baseflow 
volumes by approximately 0.1-mm per day.  This may be due to higher uncertainty in 
observed streamflow data at low flows, poor simulation of low flows common to many 
hydrology models, or the presence of sanitary sewers in this watershed, which can infiltrate 
groundwater, thus reducing baseflow volumes (Bhaskar & Welty 2012).  As a result, only 
~50% of observed streamflow values fell within the 95% prediction interval, with annual 
modeled streamflow being about 68-mm (~13%) higher than observed streamflow.  The 
Average Relative Interval Length (ARIL; Jin et al. 2010) of the prediction interval was 1.76; 
ARIL represents the width of the prediction interval.  Better models are those that have a 
smaller ARIL and a higher number of observed streamflow values falling within the 
prediction interval, relative to a worse model.  The coarse resolution WEC30m model built 
from national spatial data (Figure 2.12) yielded a narrower uncertainty range than the DR5 
model (ARIL=1.61), but only ~35% of observations fell within the 95% uncertainty 
boundary.  The WEC5m high-resolution local data model of the same catchment, while 
having a less-constrained uncertainty range (ARIL=2.61, likely due to the decreased number 
of calibration model runs for WEC5m, a result of limited computational resources), provided 
better prediction of streamflow with 39% of observations falling within the 95% uncertainty 
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range.  This better prediction is in part due to the higher-resolution model’s better ability to 
simulate streamflow recession slope behavior (Figure 2.13, cf. the flat recession response of 
WEC30m exhibited in Figure 2.12).  The poor prediction of baseflow in both the WEC 
models may be due to the presence of sanitary sewers in this watershed (as in DR5). 
In contrast to the urbanized watersheds with their sanitary sewers (DR5, WEC30m, 
WEC5m) the forested CWT14 model provides excellent prediction of storm and baseflow 
(Figure 2.14) with 89% of observations falling within the 95% prediction interval, and a 
relatively low ARIL of 0.76.  In CWT14 there is no tradeoff between the percentage of 
observations in the uncertainty boundary and ARIL, indicating relatively high parsimony and 
low uncertainty in streamflow predictions from this model.  This decrease in model 
uncertainty is to be expected for the forested CWT14 catchment, which is similar to the types 
of watersheds RHESSys has been developed for.  RHESSysWorkflows and EcohydroLib 
allowed us to build a model rapidly for CWT14 to more quickly get the point of evaluating 
model performance and bias. 
2.7 Discussion and conclusions 
EcohydroLib allows modelers to rapidly acquire, geographically register and resample 
geospatial data needed for ecohydrology models and to store these data in a generic format 
with automatic recording of provenance information and metadata.  We have demonstrated 
the use of EcohydroLib to acquire data needed to build RHESSys data preparation workflows 
using RHESSysWorkflows.  We hope to collaborate with others to develop similar open 
source model-specific tools for other models (e.g. SWAT, VIC).  Such model-specific tools 
could then be shared using community resources such as HydroShare 
(http://hydroshare.cuahsi.org/). 
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Starting from geospatial data in generic, non-RHESSys-specific formats and using 10-20 
RHESSysWorkflows commands, it took four-six hours for an experienced RHESSys 
modeler (myself) to build working RHESSys models – consisting of a world file, flow table, 
soil, vegetation, and other parameter definitions files – for each study watershed.  It took the 
least amount of time to build the WEC30m model (not including time needed to produce 
climate data manually, which were shared with the WEC5m model), in part because the 
WEC30m workflow relied on EcohydroLib tools for acquiring national spatial data 
infrastructure data hosted via web services (e.g. NED, DEM and NLCD 2006 land cover).  
Typical manual workflows for building RHESSys worldfiles and flow tables require users to 
run 50 or more commands against already-acquired geospatial data.  Given their greater 
number of steps, these manual workflows are typically more error-prone than 
RHESSysWorkflows workflows, and can take one to two eight-hour days for an expert 
RHESSys user to complete, though without automatic metadata capture, which challenges 
scientific reproducibility.  For novice RHESSys users, it can take several weeks to build 
one’s first few models, after having attending a two- to three-day RHESSys training session.  
In this case study, the rapid development of RHESSys models for three watersheds (DR5, 
WEC, CWT14) shows the potential for RHESSysWorkflows and EcohydroLib to accelerate 
site inter-comparisons across ecosystem type using ecohydrology modeling methodologies.  
Further, the development of two models at different spatial resolutions for the WEC 
watershed (the 5-m resolution WEC5m and roughly 30-m resolution WEC30m models) 
shows the potential of these workflow tools to speed comparisons between different model 
structures.  The importance of enabling rapid model parameterization and comparison cannot 
be understated given the current lack of peer review for scientific model code and the 
  
48 
tendency of some scientists to implicitly trust code that has been used in peer-reviewed 
publications (Joppa et al. 2013). 
Currently, EcohydroLib (and thus RHESSysWorkflows) is limited in at least three 
respects.  First, it does not provide access to vegetation leaf area index (LAI) data necessary 
for many ecohydrology models.  We plan to add workflow commands for acquiring such 
data across a range of spatial and temporal resolutions via webservices that host remote 
sensing data from MODIS and Landsat TM.  Second, EcohydroLib does not provide formal 
descriptions of the inputs and outputs required to run each workflow command.  In the future, 
we plan to add such descriptions, which will facilitate integration of EcohydroLib and 
RHESSysWorkflows with general workflow development environments such as DataWolf 
(https://opensource.ncsa.illinois.edu/confluence/display/WOLF/DataWolf+Workflow+Engin
e), Kepler (https://kepler-project.org), or VisTrails (http://www.vistrails.org/).  Integration 
with such workflow tools would also provide a graphical user interface for EcohydroLib and 
RHESSysWorkflows (as well as any other model-specific component built on top of 
EcohydroLib).  Lastly, while the project directory and metadata structure provided by 
EcohydroLib and RHESSysWorkflows makes it possible to share the entire contents of a 
project – including raw data in generic format, model source code, model-specific data, along 
with metadata and provenance information – such sharing still requires a user to archive a 
project directory (e.g. as a tar archive or zip file) and to e-mail (if it is not too large) or 
otherwise send the archive to colleagues.  We are developing an EcohydroLib command to 
allow users to publish their workflows to HydroShare (http://hydroshare.cuahsi.org).  
Currently in development, HydroShare will provide a platform for sharing, discovering, and 
archiving hydrologic data and models. 
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Given the exploratory nature of ecohydrology modeling, and the constant emergence of 
novel workflows in the service of answering emerging research questions, tools such as 
RHESSysWorkflows should not attempt to provide tools to automate 100% of workflows. 
While RHESSysWorkflows does provide tools to create flexible workflows that follow 
diverse paths there are workflows the tools cannot represent.  For example, we are 
developing a series of RHESSys model scenarios for simulating small-scale green 
infrastructure (GI) in urbanized ecosystems.  Development of these scenarios required 
several custom manual steps.  However, we have still benefitted from RHESSysWorkflows’s 
ability to automate many of labor-intensive portions of RHESSys model development work, 
such as soil data acquisition, watershed delineation, and worldfile template creation.  We 
have successfully incorporated more traditional manual workflow steps (e.g. manually 
editing a world file template created by RHESSysWorkflows) with new automated workflow 
tools.  The RHESSysWorkflows command RunCmd provides a way to capture some 
metadata about such manual manipulations.  We hope to improve such metadata in future 
releases by incorporating explicit version control for all assets contained in an EcohydroLib 
project directory. 
An appropriate goal of tools like RHESSysWorkflows is to automate the majority of 
labor intensive model development steps while allowing modelers to safely “color outside the 
lines” provided by the workflow tool when necessary.  However, whether using a tool such 
as RHESSysWorkflows to complete 10% or 100% of model development work, it is 
important that experts have an opportunity to exert their knowledge and to examine 
intermediate data products created throughout a workflow.  We argue that tools such as 
RHESSysWorkflows should be thought of more as backhoes than as androids. They should 
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not “do the modeling for us” but should reduce time consuming manual work needed to build 
ecohydrology models, freeing up scarce scientific labor to evaluate more hypotheses and to 
generate more knowledge. 
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Table 2.1 Institutions of RHESSys modeler interview/survey respondents 
Institution Number of respondents 
Boston University 1 
University of California, Merced 1 
University of California, Santa Barbara 6 
University of North Carolina at Chapel Hill 3 
University of North Carolina at Charlotte 1 
University of Washington 1 
Unknown 2 
Virginia Tech 1 
Washington State University 1 
 
Table 2.2 Career stages of RHESSys modeler interview/survey respondents 
Career stage Number of respondents 
Student 10 
Early career scientist (i.e. post-doc or assistant 
professor) 
7 
Programmer 0 
Lab manager 1 
Established scientist (i.e. tenured professor) 0 
 
Table 2.3 Frequency of RHESSys usage role for interview/survey respondents 
 User Builder Developer 
Never 3 3 7 
Sometimes 12 8 9 
Always 3 7 2 
 
Table 2.4 Data types and data sources used by respondents for developing RHESSys models. Note that 
respondents were free to specify multiple responses. 
Data type (number of categories) Data source (number of respondents) 
Digital elevation model (DEM) (6) NED/USGS (10) 
SRTM (4) 
Site-specific data from LIDAR (4) 
Site-specific data from other (4) 
From colleague (1) 
Total responses (23) 
Stream network (6) Derived from DEM (10) 
National Hydrography Dataset (NHD)/NHDPlus (4) 
From colleague (2) 
USGS (1) 
EPA (1) 
State DOT (1) 
Total responses (19) 
Streamflow gage (7) USGS NWIS (13) 
NSF LTER site (4) 
NHD (1) 
Project-specific gage (1) 
Reconstructed natural flow (1) 
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Ministry of Water Resources of China (1) 
From colleague (1) 
Total responses (22) 
Soils (9) USDA SSURGO (9) 
USDA STATSGO (3) 
U.S. Forest Service (USFS) (1) 
ISRIC World Soil Information WISE (1) 
Soil survey of China (1) 
NLDAS/GLDAS (1) 
NSF LTER site (1) 
Field observations (1) 
From colleague (1) 
Total responses (19) 
Land cover (11) NLCD (7) 
Custom from satellite remote sensing (6) 
Custom from aerial photos (3) 
Based on local knowledge/field surveys (3) 
MODIS (2) 
USDA crop data (1) 
USFS (1) 
North Carolina Gap Analysis Project (NC-GAP) (1) 
State GIS clearing house (1) 
From colleague (1) 
Total responses (27) 
Impervious surfaces (8) NLCD (3) 
Custom from aerial photos (2) 
Custom from satellite remote sensing (1) 
MODIS (1) 
Vegetation map (i.e. to ID rocks) (1) 
From land cover data (1) 
USGS (1) 
From colleague (1) 
Total responses (11) 
Storm sewer network (2) From aerial imagery (1) 
From colleague (1) 
Total responses (2) 
Vegetation leaf area index (8) MODIS (4) 
Landsat NDVI scaled to LAI (4) 
Field observations (2) 
LIDAR (1) 
Other remote sensing (1) 
Litter-based estimates (1) 
Other custom (1) 
From colleague (1) 
Total responses (15) 
Climate data (e.g. precipitation, air temperature, 
relative humidity, etc.) (20) 
NSF LTER site (4) 
PRISM (3) 
NOAA National Climatic Data Center (NCDC) (2) 
Daymet (2) 
Desert Research Institute Remote Automatic 
Weather Stations (RAWS) (2) 
From colleague (2) 
Local airport (2) 
Project meteorological station (2) 
CA Dept. of Water Resources Center for Data 
Exchange (CDEC) (1) 
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CA Irrigation management information system 
(CIMIS) (1) 
China Meteorological Data sharing system (1) 
Downscaled climate model output (1) 
NC Climate Office (CRONOS) (1) 
NLDAS (1) 
NOAA Coop (1) 
SNOTEL (1) 
USFS (1) 
USGS NWIS (1) 
UW Historical data (1) 
Total responses (31) 
Other data (10) Ameriflux data (e.g. radiation) (2) 
Phenology from MODIS NDVI (1) 
SNOTEL snow data (1) 
Stream chemistry (1) 
SNODAS (1) 
GRACE water storage (1) 
Field measured soil moisture (1) 
Soil samples (1) 
Field surveyed rooting depth (1) 
Reservoir data (1) 
Total responses (11) 
 
Table 2.5 Metadata capture practices used by respondents when gather and manipulating data used in 
developing RHESSys models. 
 Pencil & 
Paper 
Text 
files 
Spread-
sheets 
Metadata 
system 
Source 
code 
Evernote PowerPoint 
Never 5 1 9 15 17 15 17 
Sometimes 10 10 8 4 1 1 1 
Always 3 7 1 0 0 2 0 
 
Table 2.6 Data processing tasks performed by RHESSys modelers (Note: multiple selections were allowed 
so total number of respondents exceeds interview/survey respondents) 
Processing task Number of respondents 
Re-grid spatial data 7 
QA time series (e.g. fill gaps, remove outliers, 
detect long-term bias) 
7 
Re-project spatial data 6 
Aggregate time series to appropriate temporal scale 6 
Miscellaneous time-series manipulation (e.g. unit 
conversion, align start and end times) 
4 
Reclassifying spatial data (e.g. soils, vegetation) 3 
Rasterize shapefiles to DEM grid 3 
Subset spatial data 2 
Receive data from colleague 2 
Convert format of spatial data 1 
Split precipitation into rain and snow 1 
Process sensor data 1 
Process MODIS data using MODIS tools 1 
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Table 2.7 Software tool usage among RHESSys modelers interview/survey respondents (Note: multiple 
selections were allowed so total number of respondents exceeds interview/survey respondents) 
Tool Number of respondents 
R Project for Statistical Computing 17 
GRASS 16 
ArcGIS 14 
Excel 7 
MATLAB 5 
GDAL 4 
Whitebox GAT/TAS 3 
TauDEM 2 
Python 2 
Matplotlib 2 
MODIS tools 2 
ERDAS Imagine 1 
 
Table 2.8. Proportion of time do interview/survey respondents spend in each modeling lifecycle stage 
when using RHESSys (note: results were averaged across modeling lifecycle stages and so do not sum to 
100%) 
Preparing model 
input data 
Calibrating model 
parameters 
Running model 
scenarios 
Analyzing model 
results 
Other: 
Debugging 
(N=3) 
29% 29% 19% 9% 37% 
 
Table 2.9. RHESSys modeler interview/survey respondent preferences for how they spend their time 
using RHESSys 
 Spend less time doing Spend more time doing 
Preparing model input data 9 0 
Calibrating model parameters 7 1 
Running model scenarios 1 6 
Analyzing model results 0 9 
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Table 2.10. Geospatial data types and sources for study watersheds. Data acquired locally are indicated by LD, data directly acquired via web services 
are indicated by WS, those downloaded manually from national spatial data infrastructure are indicated by NSD. 
Dataset Dead Run 5 (DR5) West Ellerbe Ck. (WEC; 5-m 
resolution) 
West Ellerbe Ck. (WEC; 30-m 
resolution) 
Coweeta WS 14 
Streamflow 
gage location 
Coordinates from USGS 
NWIS (gage ID 01589312) 
[LD] 
Coordinate from USGS 
NWIS (gage ID  
0208675010) [LD] 
National Hydrography Dataset 
Plus version 2 served by 
EcohydroLib (gage ID  
0208675010) [WS] 
Coweeta LTER1 [LD] 
Digital 
Elevation 
Model (DEM) 
Custom DEM from 2007 
Baltimore Ecosystem Study 
(BES LTER) LIDAR [LD] 
Custom DEM from 2012 
Durham County, NC LIDAR 
[LD] 
National Elevation Dataset (NED) 
1/3 arc second served by GeoBrain 
WCS4DEM2 [WS] 
Custom DEM from Coweeta 
LTER LIDAR [LD] 
Landcover Custom 2ft landcover from 
BES LTER [LD] 
1m landcover provided by 
U.S. EPA Office of Research 
and Development Landscape 
Characterization branch (Dr. 
Drew Pilant, personal 
communication 2012) [LD] 
National Landcover Dataset NLCD 
(2006) served by ORNL DAAC 
WCS3 [WS] 
Custom landcover from Coweeta 
LTER data [LD] 
Surface soil 
texture 
USDA SSURGO data served 
by U.S. Department of 
Agriculture WFS and SOAP 
tabular web services4 [WS] 
USDA SSURGO data served 
by U.S. Department of 
Agriculture WFS and SOAP 
tabular web services4 [WS] 
USDA SSURGO data served by 
U.S. Department of Agriculture 
WFS and SOAP tabular web 
services4 [WS] 
USDA SSURGO data served by 
U.S. Department of Agriculture 
WFS and SOAP tabular web 
services4 [WS] 
Vegetation leaf 
area index 
(LAI) 
Minimum LAI, peak LAI, and 
phenology derived from 
MODIS MOD 15 LAI and 
applied to biome types derived 
from landcover. [NSD] 
Minimum LAI, peak LAI, 
and phenology derived from 
MODIS MOD 15 LAI and 
applied to biome types 
derived from landcover. 
[NSD] 
Minimum LAI, peak LAI, and 
phenology derived from MODIS 
MOD 15 LAI and applied to biome 
types derived from landcover. 
[NSD] 
Minimum LAI, peak LAI, and 
phenology derived from MODIS 
MOD 15 LAI and applied to 
biome types derived from 
landcover. [NSD] 
Storm 
drains/sewers 
Baltimore County, MD [LD] City of Durham Stormwater 
Services [LD] 
N/A N/A 
Climate data 
(temperature, 
precipitation) 
Bias-corrected Hydro-
NEXRAD data (2000-2009)5. 
University of Maryland 
Baltimore County Center for 
Urban Environmental Research 
and Education tipping bucket 
gages (2009-present)6. Rain 
gage located at watershed 
outlet. Temperature data from 
North Durham Water 
Reclamation Facility Econet 
station (DURH) served by 
N.C. State Climate Office 
CRONOS web service7. 
DURH station approx. 5 km 
from watershed centroid. 
[LD] 
North Durham Water Reclamation 
Facility Econet station (DURH) 
served by N.C. State Climate 
Office CRONOS web service7.  
DURH station approx. 5 km from 
watershed centroid.  [LD] 
Coweeta LTER data served by 
CLIMDB/HYDRODB8. Climate 
station in close proximity to 
watershed. [LD] 
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1 http://coweeta.uga.edu/gisdata 
2 http://geobrain.laits.gmu.edu/wcs4dem.htm 
3 http://webmap.ornl.gov/wcsdown/wcsdown.jsp?dg_id=10009_14 
4 http://sdmdataaccess.nrcs.usda.gov/WebServiceHelp.aspx 
5 http://oshydro.umbc.edu/GFhydroNEXRAD/ 
6 http://hydro2.umbc.edu/Precip/ 
7 http://www.nc-climate.ncsu.edu/cronos/api 
8 http://www.fsl.orst.edu/climhy/climdb/ 
 
BWI ASOS station.  [LD]  
Streamflow USGS National Water 
Information System [NSD] 
USGS National Water 
Information System [NSD] 
USGS National Water Information 
System [NSD] 
Coweeta LTER data served by 
CLIMDB/HYDRODB8 [LD] 
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Figure 2.1 Illustration of layered architecture of EcohydroLib.  Read from the bottom, raw data sources 
are accessed using web services (yellow), or as static data stored on local files systems (yellow), using 
library code (green) in EcohydroLib.  Generic data acquisition tools (black) are built on top of 
EcohydroLib library code.  These tools yield data in generic formats not specific to any model (grey).  
Model-specific tools (magenta) use these generic data to produce model-specific input data 
parameterizations (grey, above magenta).  The model specific data make possible ecohydrology modeling 
science workflows (cyan) whose goal is to answer particular science and management questions. 
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Figure 2.2 Relationship between EcohydroLib and RHESSysWorkflows.  EcohydroLib workflows (blue) 
consist of loosely coupled tools that store and transform data from remote or local sources as generic data 
(grey) and metadata (red) in a project directory.  RHESSysWorkflows workflows (green) use metadata 
and generic data stored in the project directory to produce RHESSys-specific input data (magenta) using 
the GRASS GIS.  Data and metadata from EcohydroLib projects can be exported to other data systems 
including the Integrated Rule-Oriented Data System (iRODS), as well as HydroShare 
(http://hydroshare.cuahsi.org). 
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Figure 2.3 Flow chart describing data and processes used to create key input files (worldfile, flow table) 
needed for running a RHESSys model for a watershed. 
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Figure 2.4 Map of Dead Run 5 watershed in Baltimore, MD 
 
Figure 2.5 Map of West Ellerbe Creek watershed in Durham, NC 
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Figure 2.6 Map of Watershed 14 and Coweeta Hydrologic Laboratory LTER near Franklin, NC 
 
Figure 2.7 Intermediate output from EcohydroLib workflow showing NHD catchment and gage for WEC. 
Watershed 14
Coweeta LTER
Little Tennessee River
0 2 41
km
Image source: 2012 NAIP, USDA
0 500250 m
  
62 
 
Figure 2.8 Intermediate output from EcohydroLib workflow showing National Elevation Dataset DEM 
acquired from DEM Explorer WCS4DEM web service for the WEC catchment. 
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Figure 2.9 Intermediate output from EcohydroLib workflow showing SSURGO soil survey map unit 
polygons acquired from USDA WFS and SOAP web services for WEC. 
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Figure 2.10 Illustration of alternate paths in an example EcohydroLib workflow.  National spatial data 
infrastructure workflow (black, upper left) begins by looking up streamflow gage location in NHD Plus.  
Custom local data workflow (dark grey, top right) begins by registering DEM from local disk.  Once 
project study area bounding box is known, other datasets (NLCD landcover, SSURGO soils data) can be 
acquired in either type of workflow (light grey), followed by additional workflow commands (white, 
bottom). 
 
Figure 2.11 Observed daily streamflow (black) plotted on log scale for clarity, 5%/95% uncertainty 
boundaries (grey) and exceedance probability (%) from behavioral parameters for DR5 model; 49.59% 
of observations fell within uncertainty boundary with ARIL=1.76. 
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Figure 2.12 Observed daily streamflow (black) plotted on log scale for clarity, 5%/95% uncertainty 
boundaries (grey) and exceedance probability (%) from behavioral parameters for WEC30m model; 
35% of observations fell within uncertainty boundary with ARIL=1.61. 
 
Figure 2.13 Observed daily streamflow (black) plotted on log scale for clarity, 5%/95% uncertainty 
boundaries (grey) and exceedance probability (%) from behavioral parameters for WEC5m model; 39% 
of observations fell within uncertainty boundary with ARIL=2.61. 
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Figure 2.14 Observed daily streamflow (black) plotted on log scale for clarity, 5%/95% uncertainty 
boundaries (grey) and exceedance probability (%) from behavioral parameters for CWT14 resolution 
model; 89% of observations fell within uncertainty boundary with ARIL=0.76. 
 
  
  
67 
REFERENCES 
 Band, L., Tague, C., Groffman, P., & Belt, K., 2001. Forest ecosystem processes at the 
watershed scale: hydrological and ecological controls of nitrogen export. Hydrological 
Processes, 15(10), pp.2013–2028. 
Band, L., Mackay, D., Creed, I., Semkin, R., & Creed, I. F., 1996. Ecosystem processes at 
the watershed scale: Sensitivity to potential climate change. Limnology and 
Oceanography, 41(5), pp.928–938. 
Band, L. E., Patterson, P., Nemani, R., & Running, S. W., 1993. Forest ecosystem processes 
at the watershed scale: incorporating hillslope hydrology. Agricultural and Forest 
Meteorology, 63(1-2), pp.93–126. 
Band, L., Tague, C., Brun, S., Tenenbaum, D., Fernandes, R., 2000. Modelling watersheds as 
spatial object hierarchies: Structure and dynamics. Transactions in GIS, 4(3), pp.181–
196. 
Beven, K., 2006. A manifesto for the equifinality thesis. Journal of Hydrology. The model 
parameter estimation experiment - MOPEX, 320(1-2), pp.18–36. 
Beven, K. & Binley, A., 1992. The future of distributed models: Model calibration and 
uncertainty prediction. Hydrological Processes, 6(3), pp.279–298. 
Bhaskar, A.S. & Welty, C., 2012. Water Balances along an Urban-to-Rural Gradient of 
Metropolitan Baltimore, 2001–2009. Environmental & engineering geoscience, 18(1), 
pp.37–50. Available at: http://userpages.umbc.edu/~ab11/Bhaskar_Welty_2012.pdf. 
Blodgett, D. L., Booth, N. L., Kunicki, T. C., Walker, J. I., & Viger, R. J., 2011. Description 
and Testing of the Geo Data Portal: A Data Integration Framework and Web Processing 
Services for Environmental, U.S. Geological Survey. 
Blöschl, G., Bárdossy, A., Koutsoyiannis, D., Kundzewicz, Z. W., Littlewood, I., Montanari, 
A., & Savenije, H., 2014. Joint Editorial - On the future of journal publications in 
hydrology. Water Resources Research, pp.n/a–n/a. 
Deelman, E., Gannon, D., Shields, M., & Taylor, I., 2009. Workflows and e-Science: An 
overview of workflow system features and capabilities. Future Generation Computer 
Systems, 25(5), pp.528–540. 
Duffy, C., Gil, Y., Deelman, E., Marru, S., Pierce, M., Demir, I., & Wiener, G., 2012. 
Designing a Road Map for Geoscience Workflows. Eos, 93(24), pp.225–226. Available 
at: http://www.agu.org/pubs/crossref/2012/2012EO240002.shtml. 
Gil, Y., Deelman, E., Ellisman, M., Fahringer, T., Fox, G., Gannon, D., et al., 2007. 
Examining the challenges of scientific workflows. Computer, 40(12), pp.24–32. 
Goble, C. A., Bhagat, J., Aleksejevs, S., Cruickshank, D., Michaelides, D., Newman, D., et 
  
68 
al., 2010. myExperiment: a repository and social network for the sharing of 
bioinformatics workflows. Nucleic Acids Research, 38(Web Server), pp.W677–W682. 
GRASS Development Team, 2012. Geographic Resources Analysis Support System (GRASS 
GIS) Software, USA. 
Guo, D., Plale, B., Welicki, L., & Chinthaka, E., 2012. Scientific workflow challenges. In 
WIRADA Science Symposium Proceedings, Melbourne, Australia, 1-5 August 2011. pp. 
54–60. 
Han, W., Di, L., Zhao, P., & Shao, Y., 2012. Environmental Modelling & Software. 
Environmental Modelling and Software, 38(C), pp.101–107. 
Jin, X., Xu, C.-Y., Zhang, Q., & Singh, V. P., 2010. Parameter and modeling uncertainty 
simulated by GLUE and a formal Bayesian method for a conceptual hydrological model. 
Journal of Hydrology, 383(3-4), pp.147–155. 
Joppa, L. N., McInerny, G., Harper, R., Salido, L., Takeda, K., O'Hara, K., et al., 2013. 
Troubling Trends in Scientific Software Use. Science, 340(6134), pp.814–815. 
Mittman, T., Band, L. E., Hwang, T., & Smith, M. L., 2012. Distributed Hydrologic 
Modeling in the Suburban Landscape: Assessing Parameter Transferability from Gauged 
Reference Catchments1. Journal of the American Water Resources Association. 
Mittman, T.S., 2009. Assessing the Impact of the Urban Tree Canopy on Streamflow 
Response: An Extension of Physically Based Hydrologic Modeling to the Suburban 
Landscape. University of North Carolina at Chapel Hill. 
Plale, B., 2012. The challenges and opportunities of workflow systems in environmental 
research. In WIRADA Science Symposium Proceedings, Melbourne, Australia, 1-5 
August 2011. pp. 48–53. 
Rodríguez-Iturbe, I., 2000. Ecohydrology: a hydrologic perspective of climate-soil-
vegetation dynamics. Water Resources Research, 36(1), pp.3–9. 
Silva, L., 2014. PLOS' New Data Policy: Public Access to Data. Available at: 
http://blogs.plos.org/everyone/2014/02/24/plos-new-data-policy-public-access-data/ 
[Accessed February 25, 2014]. 
Tague, CL & Band, LE, 2001. Simulating the impact of road construction and forest 
harvesting on hydrologic response. Earth Surface Processes and Landforms, 26(2), 
pp.135–151. 
Tague, CL & Band, LE, 2004. RHESSys: Regional Hydro-Ecologic Simulation System—An 
Object- Oriented Approach to Spatially Distributed Modeling of Carbon, Water, and 
Nutrient Cycling. Earth Interactions, 8, pp.1–42.  
Tague, CL & Pohl-Costello, M., 2008. The Potential Utility of Physically Based Hydrologic 
  
69 
Modeling in Ungauged Urban Streams. Annals of the Association of American 
Geographers, pp.1–17. 
Wroe, C., Goble, C., Goderis, A., Lord, P., Miles, S., Papay, J., et al., 2007. Recycling 
workflows and services through discovery and reuse. Concurrency and Computation: 
Practice and Experience, 19(2), pp.181–194. 
  
70 
CHAPTER 3. THE ROLE OF RESIDENTIAL ROOFTOP HYDROLOGIC 
CONNECTIVITY IN STORMWATER RUNOFF IN URBANIZED ECOSYSTEMS 
3.1 Preface 
The previous chapter describes data preparation workflow tools, EcohydroLib and 
RHESSysWorkflows, that allow for rapid development of ecohydrology models built using 
the Regional Hydro-Ecological Simulation System (RHESSys), while improving the 
reproducibility of such models by providing automatic capture of provenance information 
and metadata for geospatial datasets used to parameterize these models.  In the following 
chapter, we use RHESSys models built using RHESSysWorkflows to evaluate how small-
scale redirection of stormwater from residential rooftops to un-altered pervious areas of 
residential parcels (e.g. lawns) affects stormwater volume at the watershed scale.  We also 
assess whether the watershed-scale effects of such small-scale management depend on where 
in the watershed management occurs (near to streams vs. far from streams).  We applied 
these models in two study watersheds, one in Baltimore, MD and the other in Durham, NC. 
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3.2 Abstract 
Increases in stormwater runoff due to urbanization are driven by the presence of 
impervious surfaces.  The level of stormwater runoff reduction required to meet 
contemporary goals of restoring pre-development hydrology may require retrofitting existing 
private residential areas where rooftops and driveways are a large component of impervious 
land cover.  Rooftop disconnection is one approach to reducing stormwater volumes and 
peak flows by rerouting roof runoff from impervious to pervious surfaces (e.g. lawns, 
raingardens).  Using an Urban Variable Source Area (UVSA) approach, we explore how 
residential rooftop hydrologic connectivity, as well as how the location of rooftop 
connectivity in a watershed, affects stormwater volume in two small medium-density 
urbanized headwater watersheds in Baltimore, Maryland and Durham, North Carolina.  We 
hypothesize that decreasing residential rooftop connectivity will decrease daily peak flow 
while increasing baseflow, and that rooftop connectivity closer to streams will result in 
smaller storm flows at the watershed outlet than connectivity farther away.  Simulations with 
the Regional Hydro-Ecological Simulation System (RHESSys) suggest that disconnecting all 
single-family residential rooftops from adjacent impervious surfaces will result in small 
decreases in daily peak flows and increased baseflow.  This result was only statistically 
significant for the Durham, NC study watershed, which we hypothesize is due to this 
watershed’s greater density, more uniform distribution of single-family development, greater 
soil water storage capacity, and atmospheric evaporative demand.  However, we did not 
discern a difference in streamflow response based on where (near-to vs. far-from stream) 
residential rooftops were connected or disconnected.  We also identified a counter-intuitive 
result where rooftop downspout disconnection, a putative infiltration-based stormwater 
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control measure, yielded decreased infiltration.  This unintended consequence highlights the 
need for distributed watershed-scale ecosystem-based modeling approaches to stormwater 
management that include linkages between variable source area dynamics and the surface-
subsurface flow processes in urbanized ecosystems. 
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3.3 Introduction 
Increases in stormwater runoff due to urbanization are driven by the presence of 
impervious surfaces.  Rapid overland flow from impervious surfaces, and routing through 
constructed drainage alters stream channel geomorphology and ecology, decreasing water 
quality in downstream ecosystems and threatening biodiversity (Leopold 1968; Hammer 
1972; Poff et al. 1997; Walsh et al. 2005).  While traditional urban stormwater management 
has been practiced on commercial and industrial land as well as on residential land at the 
neighborhood scale, the level of stormwater reduction required to meet contemporary goals 
of restoring pre-development runoff volume may require retrofitting existing private 
residential areas where impervious surfaces – rooftops, drives – and lawns make up a 
significant portion of the landscape.  Despite significant challenges due to heterogeneous 
governance and management practices, municipal stormwater utilities and not-for-profit 
watershed organizations across the U.S. (e.g. City of Durham Stormwater Services 2014; 
Blue Water Baltimore 2014) are actively working with citizens to divert runoff, and 
concomitant pollutants, from residential rooftops to adjacent pervious areas including lawns 
and engineered bioinfiltration cells (a.k.a. rain gardens). 
In traditional stormwater engineering, such hydrological interventions in medium-density 
humid urbanized watersheds, are seen as a method of reducing runoff by run-on infiltration, 
which is assumed to be a loss term.  However, a more integrated approach can be developed 
within the context of an urban variable source area (UVSA) concept (Easton et al. 2007).  
Under UVSA, quick flow response is dependent on a combination of infiltration excess 
overland flow (a.k.a. Hortonian overland flow) from impervious surfaces drained by storm 
sewers as well as on underlying variable source area dynamics (e.g. translatory subsurface 
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flow, preferential subsurface flow, direct runoff from saturated areas).  The degree to which 
either Hortonian overland flow from impervious surfaces or VSA processes dominate quick 
flow production depends on the extent and connectivity of impervious surfaces to storm 
sewer and stream drainage networks (Schwartz & B. Smith 2014).  In watersheds composed 
of low total impervious (TI) cover and low directly connected (to streams) or effective 
impervious area (EI), the UVSA hypothesis posits that underlying variable source area 
processes will tend to dominate; quick flow response in watersheds with high EI will be 
dominated by Hortonian runoff from impervious surfaces.  When EI is reduced by 
disconnecting impervious surfaces from storm sewer networks and redirecting their flow to 
pervious areas, some runoff from these impervious areas may still contribute to quick flow 
(Figure 3.1).  The degree to which this happens should depend, according to the UVSA 
hypothesis, on the position in the watershed of the impervious surface (e.g. near-to-stream vs. 
far-from-stream), as well as on the size of the variable source area, which can vary due to 
topography, geology, and soils, but also due to changes in soil moisture from non-rainfall 
inputs, such as irrigation.  If the disconnected impervious flow does not contribute to VSA 
quick flow, it may contribute to transient soil water storage, eventually leaving the watershed 
through evapotranspiration, as baseflow, or by deep groundwater percolation   With UVSA, 
differences in quick flow (i.e. storm flow) and slow flow (i.e. baseflow) that result from 
changes in surface drainage characteristics can manifest as shifts of indices such as the Base 
Flow Index, or the Horton Index, which is often used to compare watersheds in terms of 
climate and vegetation water use (Troch et al. 2009). 
Low Impact Development (LID), also known as Sustainable Urban Drainage Systems 
(SUDS) or Water Sensitive Urban Design (WSUDS), is an approach to managing stormwater 
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whose goal is to mimic pre-development hydrology by capturing and treating stormwater 
close to where it originates (Fletcher et al. 2013; Dietz 2007; U.S. Environmental Protection 
Agency 2014a).  However, there are limitations to the ability of on-site management to 
restore pre-development hydrology, including the large storage capacity of soils and built 
detention facilities required to hold and slowly release runoff (Booth & Jackson 1997).  Yet, 
stormwater management design has traditionally been conducted at the site level (NRCS 
1986) and small parcel-scale approaches are still encouraged in contemporary research 
(Burns et al. 2012; Walsh et al. 2009).  This may be due to the expense and challenges of 
watershed-scale hydrologic simulation and management, though other work highlights the 
importance of more integrated watershed-scale approaches (Hamel & Fletcher 2013; Dietz & 
Clausen 2008; Easton et al. 2007).  Further, in low- to medium-density urban watersheds 
with heterogeneous land cover (1-10-km2+ headwater watersheds) it is unclear whether 
existing development on small residential parcels significantly alters pre-development 
hydrology at the watershed scale compared to other types of development, for example large 
retail development or transportation networks (especially in urbanized areas served by storm 
drains and built before stormwater control regulations). 
In this chapter, we seek to improve understanding of how residential parcel-scale 
stormwater management affects storm flow and baseflow volume in urbanized watersheds.  
We use two humid medium-density urbanized (11-13 houses per hectare) headwater 
watersheds in Baltimore, MD and Durham, NC as study sites.  In particular we ask the 
following questions:   
1. How does residential rooftop hydrologic connectivity to impervious surfaces influence 
storm flow and baseflow volume from urbanized watersheds?  We hypothesize that 
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decreasing residential rooftop connectivity will lead to run-on infiltration that will shift 
UVSA response away from Hortonian overland flow from impervious surfaces thereby 
decreasing daily storm flow peaks while increasing baseflow.  
2. How does the location of rooftop connectivity in a watershed affect stormwater volume?  
We hypothesize that disconnecting rooftops to route to pervious surfaces farther from the 
stream will yield smaller storm flows compared to disconnected rooftops closer to the 
stream where groundwater levels and soil moisture may be higher.  
To address these hypotheses we developed a series of high spatial-resolution numerical 
experiments using the Regional Hydro-Ecological Simulation System (RHESSys), a process-
based distributed ecohydrology modeling framework (Band et al. 1993; Band et al. 2000; 
Tague & Band 2004).  Such numerical modeling allows us to assess the effects of widespread 
changes in stormwater management throughout test catchments, which would be impractical 
to do through field experiments.  While numerous models have been applied to model 
stormwater hydrology in urbanized catchments, many are focused on capturing hydraulic 
behavior of urban grey infrastructure, for example using Geomorphic Instantaneous Unit 
Hydrograph (GIUH) based approaches such as the Illinois Urban Hydrologic Model 
(Cantone & Schmidt 2011), or the mechanistic Storm Water Management Model (SWMM; 
U.S. Environmental Protection Agency 2014b); SWMM simulates detailed urban hydraulics, 
including pipes and other conveyances, and can be used to evaluate the effects of storm water 
control measures (SCM) on runoff volumes and pollutant loading.  However it does not 
model water use by vegetation, nor does it represent VSA dynamics, both important 
considerations for reducing nonpoint source pollution in medium-density urbanized 
catchments.  The commercial decision support tool MUSIC (Model for Stormwater 
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Improvement Conceptualization; Fletcher et al. 2001) allows stormwater managers to design 
stormwater control measures (SCM) in series (a.k.a. treatment trains) for urbanized 
catchments.  Others have applied semi-distributed models capable of simulating the 
contributions of impervious and pervious areas to non-point source runoff production in 
agricultural watersheds (SWAT; Arnold et al. 1998; HSPF; Bicknell et al. 1993) and 
suburban watersheds (HSPF; TOPMODEL; Furusho et al. 2013; Valeo & Moin 2000).  
Neither of these approaches can effectively represent VSA dynamics due to run-on 
infiltration.  Fully-distributed process-based energy-water balance models capable of 
simulating surface and subsurface flows have also been applied at moderate spatial resolution 
(e.g. 10- to 30-m) to evaluate the effects of conversion of forested to urbanized land (e.g. 
DHSVM; Cuo et al. 2008; Wigmosta & Burges 1997; SMDR; Easton et al. 2007).  Three-
dimensional surface-subsurface hydrology models such as ParFlow, which allow for more 
detailed modeling of ground water processes including groundwater mounding due to 
recharge, are accompanied by greater computational complexity than models such as 
RHESSys, making calibration and uncertainty analysis prohibitively costly (Bhaskar 2013).  
To improve understanding of changes to hydrology and biogeochemical cycling that arise in 
heterogeneous urbanized landscapes with fine-scale mixture of differing vegetation types, 
pavements, buildings, a high spatial-resolution (e.g. 5-m or finer) spatially explicit 
ecohydrology modeling approach is preferred to capture run-on infiltration and surface-
subsurface flowpath interactions.  These approaches must allow for the simultaneous 
evaluation of multiple ecosystem services (e.g. carbon sequestration, nutrient retention), 
while being computationally efficient, allowing multiple model realizations for flexible 
parameter calibration in the face of equifinality (Beven 2006).  Such an approach, which 
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considers the coupled surface and sub-surface cycling of water, carbon, and nutrients (Figure 
3.1), can be aided by the use of ecohydrology modeling frameworks such as RHESSys. 
3.4 Materials and methods 
3.4.1 Study sites 
The Baltimore County, MD study watershed is a tributary of the Dead Run watershed, 
which we refer to as Dead Run 5 (DR5 hereafter; Figure 3.2).  DR5 is a 1.6-km2 Piedmont 
headwater watershed composed of mixed urban land cover.  The catchment includes 
approximately 40% impervious area, with 630 single-family houses (54-ha total residential 
parcel area, with 43-ha of that being pervious surfaces consisting of lawn- or tree-covered 
areas), forested parkland, commercial development and a section of I-695 (Table 3.1, Figure 
3.2b).  The catchment was developed in the 1950s-1960s before contemporary stormwater 
regulations were enacted, and has high stormwater drainage density with street curbs drained 
by storm sewers connected directly to streams with few stormwater control measures; storm 
sewers are separate from sanitary sewers.  Soils are mostly silt loam and are characterized as 
being well drained to poorly drained (i.e. near riparian areas).  However, urban soils are often 
highly disturbed (e.g. due to removal of A-horizons, filling with foreign material, and 
compaction), and are often poorly characterized by standard soil surveys (Effland & Pouyat 
1997).  Mean annual precipitation for the region is roughly 1,063-mm evenly distributed 
throughout the year, with mean seasonal temperatures ranging from -3.1 to 18.2°C based on 
1980-2010 climate normals (National Climatic Data Center 2014a).  The DR5 watershed lies 
within the greater Dead Run Franklintown watershed, which is a 14-km2 sub-watershed of 
the 171.5-km2 Gwynns Falls watershed, draining into the Chesapeake Bay at Baltimore 
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Harbor.  Gwynns Falls serves as the main study site of the Baltimore Ecosystem Study Long 
Term Ecological Research site (BES LTER). 
The Durham, NC study watershed comprises roughly 2-km2 of urbanized land (55.5% 
impervious; Table 3.1, Figure 3.3) with 853 single-family houses developed in the 1910s-
1950s (63-ha total residential parcel area, with 38-ha of that being pervious surfaces 
consisting of lawn- or tree-covered areas).  The study watershed is one of the headwater 
watersheds of the heavily developed Ellerbe Creek, which drains much of downtown 
Durham, NC.  In 2011 City of Durham Stormwater Services selected this sub-watershed as 
the site of its “Rain Catchers” project (City of Durham Stormwater Services 2014). The goal 
of Rain Catchers is to test the effect that intensive installation of residential-scale stormwater 
management practices (e.g. downspout disconnections, rain gardens, rain barrels) has on 
stormwater pollution.  Like DR5, RC has high stormwater drainage density with street curbs 
drained by storm sewers, which are separate from the sanitary sewer network.  There are few 
stormwater control measures present in RC.  Soils in the Durham watershed (RC hereafter) 
range from sandy loam to loam (near riparian areas) and are characterized as being 
moderately well drained to somewhat poorly drained (near riparian areas).  These soils are 
also likely highly disturbed as in DR5.  Mean annual precipitation for the region is 
approximately 1,200-mm with roughly 20% more rainfall occurring during the summer, and 
30-year mean seasonal temperatures ranging from 0.4 to 20.1°C (National Climatic Data 
Center 2014b).  Located in the Piedmont physiographic province, Ellerbe Creek flows into 
Falls Lake, part of the Neuse River watershed.  Completed in 1983, Falls Lake is a flood 
control, water supply, and recreation impoundment in central North Carolina.  Unfortunately, 
neither stream stage data nor a rating curve are available for the RC watershed.  For the 
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purposes of model calibration (see below), the adjacent West Ellerbe Creek watershed was 
used to develop behavioral model parameters for use in the RC model scenarios.  West 
Ellerbe Creek (WEC hereafter; Figure 3.3) is a Piedmont headwater watershed composed of 
urbanized land cover (36% impervious area), with similar soils as the RC watershed, but with 
a 15-km2 drainage area that is an order of magnitude larger (vs. 2-km2 for RC). 
3.4.2 Model description 
Originally developed to model forested ecosystems in the semi-arid mountain West of the 
U.S., RHESSys is an open-source GIS-based ecohydrology framework that simulates carbon, 
water, and nitrogen cycling in complex terrain (Band et al. 1993; Band et al. 2000; Tague & 
Band 2004).  As a spatially distributed continuous-time model, RHESSys can model spatio-
temporal interactions between ecohydrological processes from patch to watershed scales.  
RHESSys has been applied in urbanized ecosystems in San Diego, CA (Tague & Pohl-
Costello 2008) to better understand changes in streamflow as a result of urbanization in un-
gauged catchments, and to model runoff responses to differing extents and patterns of tree 
cover in suburban catchments near Baltimore, MD (Mittman 2009). 
In RHESSys, the full state of the watershed is described by a hierarchical spatial 
representation where vegetation and soils are described for each patch (patches can be grid-
based or can be irregular shapes), which are nested in hillslopes, which are contained by 
basins (i.e. the watershed).  Climate zones can be distributed at different levels of the 
hierarchy.  RHESSys supports two approaches to lateral redistribution of subsurface water 
and solutes.  These include a topographical routing approach adapted from the Distributed 
Hydrology Soil Vegetation Model (DHSVM; Wigmosta et al. 1994), where both subsurface 
(from the saturated zone) and surface (overland flow) flows are routed using the same flow 
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network, and a semi-distributed TOPMODEL-based (Beven & Kirkby 1979) lateral 
redistribution.  The TOPMODEL method, used in other urban applications (e.g. Valeo & 
Moin 2000) is not used or discussed as part of this research as it cannot directly route runoff 
from impervious to pervious surfaces for run-on infiltration. To simulate differences in 
residential rooftop hydrologic connectivity (“connectivity” hereafter; Figure 3.1), we added 
an optional engineered surface drainage network description that is not determined by 
topography.  The engineered drainage representing rooftop connectivity requires the 
following GIS input layers: (1) a binary impervious-pervious raster; (2) a raster ranging [0-1] 
to specify the proportion of rooftop drainage to be routed to the nearest impervious or 
pervious surface.  For rooftop pixels, the nearest impervious and pervious pixels are located, 
with connected flow routed to the impervious pixel, and the remaining (disconnected) flow 
routed to the pervious pixel.  While not precisely reproducing downspout pipes, this is a 
simple method of routing and diffusing rooftop runoff to nearby pervious areas.  For non-
roof patches, flow is routed topographically as is done for the subsurface flow network with 
the exception that patches that have roofs cannot receive surface flow.  In RHESSys, 
drainage of surface flow from patches comprised of impervious surfaces drained by storm 
sewers (e.g. streets) is done by routing each such patch to the watershed outlet; overland flow 
is not routed from patch to patch in this case. 
3.4.3 Model input data 
Continuous streamflow stage and discharge data for DR5 are provided by U.S. 
Geological Survey (USGS gage ID 01589312).  Minimum and maximum daily temperature 
data were obtain from Automated Surface Observing Systems (ASOS) station at Baltimore-
Washington International Airport (station ID KBWI).  Hourly precipitation data were 
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composited from bias-corrected Hydro-NEXRAD data for 2001-2009 (Smith et al. 2012), 
which were used for model spin-up, as well as data from two tipping bucket rain gages 
located at the watershed outlet; tipping bucket data are provided courtesy of the University of 
Maryland Baltimore County Center for Urban Environmental Research and Education.  Gaps 
in tipping bucket precipitation data (3% of data between 5/11/2009 and 9/30/2013) were 
filled with data from KBWI ASOS station.  Terrain data were derived from digital elevation 
model (DEM) data generated from 2007 1-m horizontal resolution LIDAR data 
commissioned by the Baltimore Ecosystem Study (BES).  Land cover data were based on 
0.6-m spatial resolution object-based land cover map developed by O’Neil-Dunne et al. 
(2009).  To improve characterization of transportation impervious surfaces, which can be 
occluded by tree canopy, planimetric roads data from Baltimore County, Maryland were 
rasterized and “burned” into the land cover map.  To ensure that building footprint data from 
Baltimore County, MD matched the extent of rooftops classified in the land cover map, 
building footprints were also rasterized and burned into the land cover map. 
For the WEC calibration watershed in Durham, NC, continuous streamflow stage and 
discharge data are provided by USGS (USGS gage ID 0208675010).  Hourly precipitation 
and daily minimum and maximum temperature data were obtained from the North Carolina 
ECONET station at the North Durham Water Reclamation Facility (station ID DURH) 
provided by the N.C. State Climate Office (http://www.nc-climate.ncsu.edu/).  The DURH 
station is located approximately 6-km east-northeast from the RC watershed centroid.  There 
were few gaps in the DURH precipitation data (0.49% from 2009-2013), which were filled 
using data from the ASOS station at Raleigh-Durham International Airport (station ID 
KRDU).  For RC (and WEC) watersheds digital Elevation Model (DEM) terrain data were 
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derived from 2012 LIDAR data provided by City of Durham Stormwater Services.  Land 
cover data were based on 1-m spatial resolution land cover mapping performed by U.S. 
Environmental Protection Agency in 2012 (Drew Pilant, personal communication), which 
were developed from color-infrared aerial photography provided by the National Agriculture 
Imagery Program (NAIP) of the U.S. Dept. of Agriculture (USDA; http://www.fsa.usda.gov/).  
As with the DR5 land cover, the RC land cover map was augmented by burning in rasterized 
planimetric data including transportation impervious surfaces and building footprints. 
For both DR5 and RC (and WEC) watersheds, surface soil texture data were acquired 
from U.S. Department of Agriculture Soil Survey Geographic database (SSURGO) web 
services using EcohydroLib (https://github.com/selimnairb/EcohydroLib; see also Chapter 2).  
Only small portions of the DR5 watershed’s soils were mapped as urban variant soils.  
Baseline rates of saturated hydraulic conductivity used in the model ranged from: 0.6-m/day 
(silt loam), to 3.0-m/day (sandy loam), and 13.5-m/day (loamy sand), which were then 
calibrated with multipliers ranging from 1.0 to 50.0); for comparison, infiltration capacity 
measured by Smith (2010) with sprinkling infiltrometers throughout the Gwynns Falls 
watershed in Baltimore, MD ranged from 1.2- to 6.0-m/day.  For DR5 and RC models, 
stream-burned DEMs were used to enforce watershed boundaries imposed by streams and 
storm drains; stream-burned DEMs were created using stream burning functions provided by 
Whitebox GAT (http://www.uoguelph.ca/~hydrogeo/Whitebox/), which combine DEM data 
with storm drain information from Baltimore County, MD or City of Durham Stormwater 
Services.  Vegetation leaf area index (LAI) and phenology for deciduous trees were 
estimated for each study watershed from MODIS MOD 15 LAI product for nearby non-
urban forested areas. Peak LAI was estimated to be 4.0 (DR5) and 6.0 (RC and WEC; Gray 
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& Song 2012).  This assumes that these urban trees are similar to non-urban trees in terms of 
allometric relationships between LAI and root, stem, and leaf carbon allocation.  LAI for 
grasses and lawns was assumed to be 1.0 for all study watersheds.  Analysis of yearly 
modeled ET from lawns indicated an LAI one for grasses and lawns was reasonable for both 
study watersheds, which is close to an LAI of 1.2 for mowed turf grass assumed by Milesi et 
al. (2005), and used by Wang et al. (2008).  Hourly rainfall accumulations for each model 
were summed to daily values for input into RHESSys.  However daily rainfall duration time 
series (in hours) are also input into the model and used to adjust the time span over which 
infiltration and ET equations are solved, instead of assuming infiltration and ET rates are 
uniform across the daily time step (ET is assumed to only occur when there is no 
precipitation).  Due to lack of site-specific data for either DR5 or RC, surface detention 
storage was assumed to be 3-mm for pervious surfaces (Hicks 1944; Tholin & Keifer 1960) 
and 1-mm for impervious surfaces (Pitt & Voorhees 2002; Tholin & Keifer 1960).  Though 
impervious surfaces, depending on age and condition, can exhibit small but persistent non-
zero infiltration rates, we assume that such infiltration is negligible in our study watersheds.  
We further assume a zero-percent loss rate (i.e. loss to ET or infiltration) for stormwater 
conveyed over impervious surfaces drained by storm sewers and through storm sewers 
connected to streams. 
Once data for each watershed (DR5, RC, and WEC calibration model) were assembled, 
we built RHESSys models using RHESSysWorkflows 
(https://github.com/selimnairb/RHESSysWorkflows).  See Chapter 2 for a full description of 
RHESSysWorkflows model data preparation workflows. 
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3.4.4 Model calibration 
RHESSys model parameters were calibrated using observed streamflow data measured at 
the watershed outlet.  We used Generalized Likelihood Uncertainty Estimation (GLUE; 
Beven & Binley 1992) to characterize model prediction uncertainty with Nash-Sutcliffe 
Efficiency (NSE; Nash & Sutcliffe 1970) as the likelihood function.  We calibrated the 
following seven free parameters (1) decay rate of lateral saturated hydraulic conductivity 
with depth to the saturated zone (mlateral); (2) lateral saturated hydraulic conductivity 
(Ksatlateral) at the soil surface; (3) soil depth; (4) vertical decay of saturated hydraulic 
conductivity with depth (mvertical); (5) vertical saturated hydraulic conductivity (Ksatvertical) at 
the soil surface; (6) bypass from the saturated zone to a deeper groundwater store (gw1); and 
(7) loss from groundwater store to stream (gw2).  The lateral soil parameters (mlateral, 
Ksatlateral) are used as multipliers that account for anisotropy in soil drainage properties, while 
the vertical parameters (mvertical, Ksatvertical) are multipliers that provide effective vertical soil 
drainage properties that implicitly account for phenomena such as macropore flow, which are 
not explicitly modeled by RHESSys.  The soil depth parameter is used as a multiplier to 
account for uncertainty in knowledge of soil depth.  RHESSys employs a simple linear 
reservoir groundwater model.  Transfer of water from the surface detention store to the 
groundwater reservoir is determined via the gw1 parameter, a proportion from [0-1), with loss 
of groundwater from the reservoir, which contributes to base flow, determined by the gw2 
parameter, which is also a proportion from [0-1). 
The calibration period of each model was 2-years, with at least 18-months of model spin 
up prior to calculating likelihood functions to allow soil and groundwater stores to stabilize 
(e.g. in the root, unsaturated, and saturated zones as well as the linear groundwater reservoir).  
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The calibration time period used for both DR5 and WEC were water year (WY) 2009 and 
2010 (10/1/2008 through 9/30/2010), and were chosen based on available climate and 
streamflow data.  For DR5 precipitation during WY2009 was 1,102-mm, close to the 1980-
2010 average of 1,064-mm, while WY2010 was a wet year with over 1,416-mm of 
precipitation (Table 3.2).  In WEC, WY2009 precipitation was 880-mm, much lower than the 
1980-2010 average of over 1,200-mm, while WY2010 saw 1,143-mm, close to average 
conditions (Table 3.2).  A summary of calibration parameters for each study watershed is 
included in Table 3.2. 
Uncertainty in model parameters was estimated using GLUE methodology as follows.  
First, the Nash-Sutcliffe Efficiency likelihood function was calculated for each calibration 
model run for both daily streamflow (NSE) and the logarithm of daily streamflow (NSE-log); 
daily streamflow emphasizes the importance of storm flow on prediction performance, while 
the logarithm of daily streamflow emphasizes base flow.  Behavioral model runs were 
selected by taking the top 100 model runs sorted by NSE-log followed by NSE (Table 3.2).  
An empirical cumulative distribution function of NSE likelihood values for each daily time 
step was then created, from which a 95% uncertainty range for model predictions was 
selected by excluding the bottom and top 2.5 percentiles of behavioral model runs. 
The DR5 model was developed at a spatial resolution of 3-m, which provides sufficient 
detail to simulate differences in rooftop hydrologic connectivity.  To minimize memory 
footprint and model runtime, West Ellerbe Creek (WEC) calibration model was developed at 
a 5-m spatial resolution.  Based on tests we conducted using model data from the DR5 
watershed, behavioral parameter ranges from a 5-m RHESSys model are similar to those of 
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3-m models.  Thus, the behavioral parameter sets from WEC were transferred to the 3-m 
spatial resolution RC model. 
GLUE analysis using the two likelihood functions (NSE, NSE-log) indicated that DR5 
and WEC models were sensitive to mlateral, Ksatlateral, and gw1 (saturated to groundwater loss) 
for both NSE and NSE-log (see dotty plots; Figure 3.4, Figure 3.5).  The lowest NSE values 
seen for both DR5 and WEC were approximately 0.4, which is a reflection of simplified 
urban storm flow hydrology due to the impervious surfaces and storm sewers present in these 
urbanized catchments. NSE-log values ranged below 0.0 (for clarity, the ranges of the dotty 
plots are limited to values above 0.0), indicating that some model realizations produced 
relatively worse simulations of baseflow.  Due to computational limitations, only 1,951 
model realizations could be completed for the more computationally intensive WEC model 
(compared to 5,000 model realizations for DR5).  However, the dotty plot for WEC shows 
adequate coverage of the chosen parameter space for each parameter (Figure 3.5). 
Results of the GLUE uncertainty estimation for DR5 model (Figure 3.6a) show good 
prediction of storm flow peaks, however there is a consistent over-prediction of baseflow 
volumes.  This may be due to the presence of sanitary sewers in this watershed, which are 
known to drain groundwater, thus reducing baseflow volumes (Bhaskar & Welty 2012).  As a 
result, only 50% of observed daily streamflow values fell within the 95% prediction interval 
(Table 3.2), with most of those outside the uncertainty bounds being very low values less 
than 0.1-mm/day.  This lead to an over estimate of baseflow of 44-mm per year (25%); total 
weighted ensemble mean (Seibert & Beven 2009) modeled streamflow was 115% of 
observed (baseflow determined through hydrograph separation performed using the one-
parameter digital filter method (𝛼 = 0.925) provided by the Web-based Hydrograph 
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Analysis Tool; https://engineering.purdue.edu/~what/).  However the Average Relative 
Interval Length (ARIL; Jin et al. 2010) of the prediction interval was 1.76, smaller relative to 
WEC (ARIL=2.61; Table 3.2, Figure 3.6b), which indicates greater parsimony and less 
uncertainty in the DR5 model.  For the WEC model 39% of observations fell within the 95% 
prediction interval, despite this model’s larger ARIL, with most being very low flows less 
than 0.05-mm/day.  Baseflow was overestimated by 44-mm per year (40%); total weighted 
ensemble mean modeled streamflow was 94% of observed.  The poor prediction of baseflow 
in WEC may also be due to the presence of sanitary sewers and significant groundwater 
infiltration in this watershed (as in DR5).  The increased uncertainty in the WEC models may 
be due in part to the greater distance of the DURH rain gage from the WEC watershed 
compared to the rain data used in the DR5 watershed as well as the smaller number of 
calibration model runs performed due to computational limits (see above).  For DR5, 
likelihood functions ranged from 0.53-0.87 (NSE), and 0.56-0.75 (NSE-log), while for WEC 
they ranged from 0.50-0.64 (NSE), and 0.36-0.57 (NSE-log; Table 3.2). 
To assess the affect of introducing the representation of the engineered surface flow on 
model behavior, the DR5 model was calibrated twice, with and without the separate 
engineered flow paths from roof drainage using a separate surface flow network developed 
using mapped rooftop connectivity data for the DR5 watershed (see Chapter 4), along with 
the topographic sub-surface flow network.  Both models displayed identical parameter 
sensitivity (Figure 3.4, Figure 3.7), and nearly identical 95% prediction intervals for daily 
streamflow (Figure 3.8a); a scatter plot of weighted ensemble mean daily streamflow from 
behavioral simulations is also nearly identical (Figure 3.8b). 
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3.4.5 Rooftop connectivity scenarios 
We developed four model scenarios for each catchment to test our hypotheses that: 
1. Decreasing residential rooftop connectivity leads to run-on infiltration that will 
shift UVSA response away from Hortonian overland flow from impervious 
surfaces thereby decreasing daily storm flow peaks while increasing baseflow. 
2. Disconnecting rooftops closer to streams will reduce storm flow less than 
disconnecting rooftops farther from streams. 
For the first hypothesis two scenarios were applied: all single-family rooftops are directly 
connected to nearby impervious surfaces (all of which are drained by storm sewers in our 
models); and all single-family rooftops are disconnected from nearby impervious surfaces 
(Figure 3.9, Figure 3.10).  Single-family rooftops were identified by land use code using 
parcel data obtained from Maryland Property View database or Durham County, NC parcel 
data.  In the disconnected scenarios, roughly 80%-90% of pervious grid cells receiving 
residential roof runoff received runoff from one or two rooftop grid cells (Table 3.3).  This 
represents a diffusion of rooftop runoff to nearby pervious areas that may not reflect actual 
distribution of this runoff and produces low contributing to receiving area ratios.  However, 
emerging standards for rooftop downspout disconnection stormwater management in 
Maryland and North Carolina call for even lower contributing area ratios (1:1 to ~1:4 roof to 
lawn area).  Thus our scenarios represent an intermediate between highly concentrated and 
highly diffuse redirection of rooftop flow.  Maps of example pervious area receivers near 
residential rooftops in both DR5 and RC (Figure 3.11) show typical distributions of 
residential rooftop flow for disconnected scenarios. 
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The remaining two scenarios applied to the second hypothesis: single-family rooftops far 
from streams directly connected to adjacent impervious surfaces and single-family rooftops 
near streams directly connected (Figure 3.9, Figure 3.10).  Far-from and near-to stream 
positions were defined based on the median distance to the nearest stream segment of the 
parcel in which a house is located.  This resulted in roughly equal percentage rooftop area 
connected, including non-residential rooftops, for each scenario for each watershed (69% of 
total rooftop area is connected in the far from stream scenario for DR5, 74% of rooftop area 
is connected in the near to stream scenario; 74% far from stream connected in RC, 76% near 
to stream).  For all four scenarios, we assumed that all non-single-family rooftops (e.g. multi-
unit residential, commercial buildings) are directly connected to adjacent impervious surfaces.  
To characterize uncertainty in model scenario prediction due to calibrated parameter 
uncertainty, we applied behavioral parameter sets developed using GLUE methodology (see 
above) to each connectivity scenario. 
3.4.6 Scenario evaluation 
We compare changes in watershed-scale streamflow due to changes in residential rooftop 
connectivity by comparison of 95% prediction intervals that result from our GLUE analysis, 
as well as by calculating the statistical significance of differences in weighted ensemble 
mean streamflow between scenarios using the nonparametric Kolmogorov-Smirnov (K-S) 
test (Table 3.4). 
To quantify the effect of residential rooftop connectivity on catchment-scale water 
balance we calculated the average Horton index (Troch et al. 2009) for all behavioral runs for 
each connectivity scenario (Table 3.5); the Horton index is defined as: 
𝐻 =
𝐸𝑇
𝐸𝑇+𝑏𝑎𝑠𝑒𝑓𝑙𝑜𝑤
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where ET is the sum of evaporation and transpiration at the basin scale (which includes 
transpiration as well as evaporation from vegetation surfaces, surface detention storage, and 
soils), and baseflow is basin-scale baseflow obtained via hydrograph separation of weighted 
ensemble mean streamflow from behavioral model runs for each scenario.  In environments 
where 𝑏𝑎𝑠𝑒𝑓𝑙𝑜𝑤 ≪ 𝐸𝑇 (e.g. water-limited environments), 𝐻 ≅ 1.  In environments where 
𝐸𝑇 ≪ 𝑏𝑎𝑠𝑒𝑓𝑙𝑜𝑤 (e.g. energy-limited, or vegetation-limited environments), 𝐻 ≅ 0.   
Hydrograph separation of weighted ensemble mean streamflow was also used to 
determine how rooftop connectivity treatment scenarios (e.g. all disconnected, lowland 
connected, upland connected) affected storm flow decrease per unit area of residential 
rooftop (i.e. specific storm flow reduction) as well as storm flow removal efficiency 
compared to hypothetical 100% removal from storm flow of water falling on residential 
rooftops (Table 3.5).  Specific storm flow decrease at the outlet gauge (mm/ha) is defined as: 
𝐷 =
𝑄𝑠𝑡𝑜𝑟𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 −  𝑄𝑠𝑡𝑜𝑟𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝐴𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 
where 𝑄𝑠𝑡𝑜𝑟𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  is storm flow from the reference scenario (e.g. all residential rooftops 
connected), 𝑄𝑠𝑡𝑜𝑟𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  is storm flow from the treatment scenario (e.g. all residential 
rooftops disconnected), and 𝐴𝑡𝑟𝑒𝑎𝑡𝑒𝑑   is the area of rooftops treated.  Removal efficiency E is 
defined as: 
𝐸 =
𝐷
𝐷100%
  
where 𝐷 is the specific storm flow decrease at the outlet gauge, and 𝐷100%  is the specific 
storm flow decrease that would result from 100% of rain falling on treated rooftops being 
abstracted. 
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To understand parcel-scale effects of routing residential rooftop water to pervious areas 
rather than to impervious areas drained by storm sewers, we calculate mean water balance for 
pervious areas of residential parcels from water flux terms as follows: 
∆𝑆 = 𝑃 + 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 + 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 − 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡 − 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡 − 𝑄𝑔𝑤 − 𝐸𝑇 
where ∆𝑆 is the change in soil water storage, 𝑃 is precipitation, 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 is run-on from 
adjacent pervious or impervious areas, 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 is subsurface inflow to pervious patches, 
𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡  is runoff from pervious patches, 𝑄𝑔𝑤  is ground water drainage, and 𝐸𝑇 is 
evapotranspiration from pervious patches (all in units of millimeters per year). 
3.5 Results 
In the DR5 catchment, a comparison of behavioral model runs for the all residential 
rooftops connected and all residential rooftops disconnected scenarios (Figure 3.12a) shows a 
high degree of overlap in the 95% prediction intervals of daily streamflow, with a tendency 
toward slightly lower peak flows and slightly higher base flows in the disconnected scenario.  
This tendency can be seen in the scatter plot of weighted ensemble mean daily streamflow 
for each scenario (Figure 3.13a).  However, the differences in weighted ensemble mean daily 
streamflow were not statistically significant according to the Kolmogorov-Smirnov (K-S) test 
(Table 3.4).  The all residential rooftop disconnected scenario resulted in 2.6-mm/ha specific 
storm flow reduction, and an 18% storm flow removal efficiency (Table 3.5).  The RC 
watershed exhibits the same pattern of lower peak flows and higher baseflow for the 
disconnected scenario (Figure 3.12b), though the differences are more pronounced (Figure 
3.13b), and are statistically significant (Table 3.4).  Specific storm flow reduction was 7.0-
mm/ha and removal efficiency was 60% (Table 3.5).  Turning to catchment-scale water 
balance, for all scenarios across both study watersheds, Horton index (H) is close to 1.0  
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(~0.7 to 0.78; Table 3.5), indicating that baseflow is small relative to ET.  Compared to the 
connected scenarios, in the disconnected scenarios, there was a decrease in H (0.70 to 0.69 in 
DR5, 0.78 to 0.74 in RC).  Base Flow Index (BFI) values showed very small increases from 
connected to disconnected scenarios in DR5 (0.35 to 0.36) and larger increases in RC (0.32 
to 0.41), indicating greater relative baseflow in disconnected scenarios. 
Unlike the watershed-wide connectivity scenarios, there was no discernable difference 
between near-to-stream and far-from-stream residential rooftop connectivity scenarios in 
terms of daily streamflow production across the 95% prediction interval for either study 
watershed.  Weighted ensemble mean daily streamflow time series were essentially identical 
for both DR5 and RC with no statistically significant difference (Table 3.4).  For the RC 
watershed, near-stream and far-from-stream connectivity scenarios resulted in similar 
statistically significant differences in weighted ensemble mean streamflow (Table 3.4), 
compared to the all residential rooftops connected scenario.  These differences were roughly 
one-half those seen in the all residential rooftops disconnected scenario; streamflow removal 
efficiencies in RC were 28% for the all lowland connected scenario, 31% for all upland 
connected (Table 3.5) 
To ascertain why there was a statistically significant decrease in basin-scale runoff for the 
residential rooftop disconnected scenario for the RC model, but not for the DR5 model, we 
calculated mean annual water flux terms for a single model year (CY2008 for DR5 and 
CY2009 for RC, which had close to average precipitation respectively) for pervious areas of 
residential parcels (Figure 3.14).  For both study sites, routing residential rooftop water away 
from impervious areas and to nearby pervious areas decreased net runoff from pervious areas 
of residential parcels by 81-mm in DR5, and by 146-mm in RC, while slightly decreasing 
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infiltration.  Negative net runoff in the disconnected scenario in RC indicates that pervious 
areas are reducing the amount of surface outflow relative to inflow.  Evapotranspiration was 
also decreased in the disconnected scenario in RC; the increase in ET in the connected 
scenario in RC was due to a substantial increase in soil evaporation (Figure 3.15f).  For both 
watersheds and both scenarios (all connected and all disconnected), mass balance indicated 
positive change in storage over the year.  This increase in storage was higher in the 
disconnected scenario in RC (Figure 3.14). 
To further understand why only RC showed statistically significant differences in 
weighted ensemble mean streamflow, we ran two additional experiments.  First, we tested the 
effect of climate.  Rainfall during the study period differed between study sites, with DR5 
experiencing wet and average conditions, and RC experiencing average and dry conditions 
(Table 3.2).  Thus, we ran the DR5 (Baltimore, MD) model with climate forcing from the RC 
(Durham, NC) model, and also ran the RC model with climate forcing from DR5.  However, 
the results were similar, with only RC showing statistically significant decreases in 
streamflow (Table 3.4), and similar decreases in weighted ensemble mean daily streamflow 
for both DR5 and RC.  Next, to control for differences in soil surface texture between study 
watersheds, we converted silt loam soils in DR5 to be sandy loam in approximately equal 
proportion to sandy loam soils found in RC (where all but riparian soils are classified as 
sandy loam by USDA SSURGO).  This time differences between the connected and 
disconnected scenarios in DR5 were not statistically significant (Table 3.4), but the K-S 
statistic (0.063) was much closer to the critical value (0.072), and the p-value was much 
lower 0.11 (𝛼 = 0.05).  This indicates that some of the difference between RC and DR5 
catchments is due to differences in surface soil texture. 
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Lastly, we examined potential variable source area response by comparing yearly 
saturation overland flow (SOF) at the patch scale for the entire watershed for both DR5 and 
RC (Figure 3.16).  For DR5 (Figure 3.16a), 67.2% of patches showed greater SOF under the 
disconnected scenario, compared to 0.8% of the patches showing greater SOF for the 
connected scenario; 32.0% of patches showed the same SOF response.  In RC (Figure 3.16b), 
55.7% of patches had increased SOF in the disconnected scenario, 0.5% in the connected 
scenario, with 43.8% having the same SOF response between scenarios.  Areas with greater 
SOF in the connected scenarios were due to routing through flow paths in pervious areas that 
received rooftop runoff in the disconnected scenarios; the effective removal of the rerouting 
in the connected scenarios resulted in a relative increase in SOF in pervious areas that were 
outside of flowpaths that received rooftop runoff in disconnected scenarios.  In both DR5 and 
RC, there are large contiguous areas with similar SOF response made up of non-single-
family residential areas, where yearly SOF was roughly equal (within 1%) between 
connectivity scenarios.  However, in DR5 much of this non-residential pervious area is 
comprised of a contiguous forested park at the center of the watershed that surrounds the 
confluence of the two headwater tributaries of Dead Run, while in RC the stream channels 
run primarily through residential areas (with alternating segments of buried and open 
channels). 
3.6 Discussion 
Both DR5 calibration models (i.e. single surface-subsurface flow network vs. separate 
surface flow network based on field-observed residential rooftop connectivity) displayed 
similar parameter sensitivity (Figure 3.4, Figure 3.7), and nearly identical 95% prediction 
intervals for daily streamflow (Figure 3.8a); weighted ensemble mean daily streamflow is 
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also nearly identical (Figure 3.8b).  Further, behavioral parameter ranges for both single and 
dual flow table models were similar, indicating that calibration did not make up for 
differences in model structure.  Together, these metrics indicate that the DR5 model with a 
separate surface flow network based on baseline residential rooftop connectivity provides 
similar simulation of observed watershed behavior (i.e. daily streamflow at the watershed 
outlet) as the topographic-only surface-subsurface flow network model.  Thus, accounting for 
baseline rates of non-topographic surface connectivity of residential rooftops did not 
significantly change model predictions of outflow at the catchment outlets.  This is to be 
expected given the relatively low rates of residential rooftop connectivity to impervious 
surfaces observed in this watershed (only 40% of houses any degree of rooftop area directly 
connected, most with only 25% of their roof area connected; see Chapter 4), and the small 
percentage of residential rooftop land cover compared to other impervious areas (6.6% vs. 
33%). 
Re-routing stormwater flow from residential rooftops from impervious areas drained by 
storm sewers to pervious areas of residential parcels results in decreases in Horton index 
(Table 3.5), which is due to increased baseflow relative to ET.  With more water being routed 
to pervious areas, the watershed as a whole is shifting to slightly more energy-limited 
conditions, which is to be expected as solar radiation, temperature, other forcing data that 
drive evapotranspiration were held constant across scenarios.  The disconnected scenarios 
also resulted in a substantial increase of cumulative upslope saturation overland flow (SOF) 
in both DR5 and RC (Figure 3.16), which may represent an areal expansion of variable 
source area response.  However, according to our models, most return flow in both DR5 and 
RC is limited to areas immediately near streams with no difference in areas seeing return 
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flow regardless of residential rooftop connectivity.  Thus, much of the modeled SOF is 
infiltrating along hydrologic flow paths providing for the increased baseflow seen in the 
disconnected scenarios (though some SOF near streams may contribute directly to 
streamflow, and SOF draining onto streets drain by storm sewers would contribute to storm 
flow). 
In RC, most streams or stormwater channels pass through residential areas that show 
increasing SOF in the disconnected scenario (green areas, Figure 3.16b).  In contrast, a 
substantial portion of the stream in DR5 runs through areas that produced little or no SOF 
(white areas, Figure 3.16a).  These areas of little SOF roughly correspond to places in DR5 
with greater hydraulic conductivity due to sandy loam surface soil texture (compared to silt 
loam soils in much of the remainder of the catchment).  Other portions of the stream in DR5 
at the center of the watershed are adjacent to areas that did not see a difference in SOF 
between the all connected and all disconnected scenarios (yellow areas near stream, Figure 
3.16a).  Much of this area corresponds to forested parkland whose connectivity to impervious 
surfaces was not varied in our residential rooftop connectivity scenarios.  Thus, similar SOF 
response is to be expected in these parts of the watershed regardless of residential rooftop 
connectivity.  In both DR5 and RC, mean yearly SOF (patch-level fluxes averaged over 
pervious areas of residential parcels, converted to volumes, and divided by the sum of 
upslope accumulated area and patch area) was higher in the disconnected scenario than 
connected, 490-mm vs. 317-mm for DR5, and 124-mm vs. 34-mm RC.  These modeled 
results are similar to findings of monitoring and modeling work by Wigmosta et al. (1997) 
where pervious residential areas where identified as possible sources of SOF.  This increase 
in SOF from pervious areas represents a feedback from run-on infiltration of rooftop runoff.  
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The smaller amount of SOF across scenarios in RC indicates greater infiltration capacity in 
the sandy loam soils of RC than in the silt loam-dominated soils of DR5, as well as higher 
rates of ET in RC.  Indeed the mean annual depth to water table in pervious areas of 
residential parcels of DR5 was lower (i.e. the saturated zone was closer to the soil surface) in 
both disconnected and connected scenarios (385- and 494-mm respectively) compared to RC 
(548- and 720-mm; groundwater monitoring well data to compare to our modeled depth to 
saturated zone data are not yet available). 
In the scenarios where residential rooftops were not directly connected to adjacent 
impervious surfaces, we found that daily storm flow peaks are decreased and baseflow is 
increased at the watershed scale (hypothesis one); weighted ensemble mean storm flow over 
WY2009 and 2010 was lower in the disconnected scenario than in the connected scenario for 
both watersheds (782-mm vs. 809-mm respectively for DR5, 625-mm vs. 724-mm for RC).  
Differences between the distributions of weighted ensemble mean streamflow for connected 
and disconnected scenarios were only statistically significant, according to the K-S test, for 
the RC watershed.  Storm flow removal efficiency in the disconnected scenario was much 
higher in RC than in DR5 (60% vs. 18%).  We hypothesize that the removal efficiency was 
lower and weighted ensemble mean streamflow was not statistically different for DR5 in part 
due to the lower infiltration capacity of its predominantly silt loam soils, which resulted in a 
larger SOF response from run-on infiltration, and also because the density of development in 
DR5 is 13% lower (11.7 single-family houses per hectare for DR5 vs. 13.5 for RC), with 
17% of residential parcel area covered by rooftops in DR5, compared to 23% in RC (Table 
3.1).  Moreover residential development is less evenly distributed in DR5, where a large 
contiguous forested area surrounds much of the headwater stream.  Thus, compared to DR5 
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the single-family houses in RC are more uniformly distributed throughout a watershed that 
has soils with higher infiltration capacity, and greater percentage of tree cover.  In the 
connected scenario in RC this serves to concentrate larger storm flows to nearby impervious 
surfaces, which directly drain to the stream in our model.  While in the disconnected scenario, 
the land cover morphology, greater infiltration capacity of soils, and greater ET rates (driven 
by greater tree cover and atmospheric demand) in RC allow pervious areas of residential 
parcels to become more efficient sinks for stormwater runoff on average.  It should be noted 
that due to our assumption of 100% conveyance of stormwater flowing over impervious 
surfaces drained by storm sewers our models likely over estimate the efficiency of 
stormwater drainage infrastructure, and therefore overstate storm flow reductions due to 
rooftop disconnection. 
We also observed the perhaps counter-intuitive result that rooftop disconnection, which is 
a form of infiltration-based stormwater control measure, may reduce the volume of water 
infiltrated on pervious areas of a given parcel (Figure 3.14, Figure 3.15a and d), while still 
meeting management goals of reducing peak flows and increasing baseflow at the watershed 
scale.  This may be due to reductions in soil evaporation (Figure 3.15c and f) due to 
increased frequency of saturated conditions that corresponded with increased frequency of 
water stored in surface depressions of pervious areas in the disconnected scenario, with a 
mean of 61- vs. 49-days-per-year for DR5 for CY2008, 17- vs. 8-days-per-year for RC for 
CY2009 (Figure 3.15b and e).  The presence of detention storage decreased soil evaporation 
between rain events, with more water being lost as subsurface flow in the disconnected 
scenarios (Figure 3.14), and leaving less pore space for infiltration in subsequent rain events 
(though part of this decrease in soil evaporation may be a model artifact).  The increase in 
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infiltration and ET and decrease in surface and subsurface flows in the connected scenarios 
indicate more localized water usage.  Additionally, we saw increases in infiltration-excess or 
Hortonian overland flow (HOF) generated from pervious areas of residential parcels in the 
disconnected scenarios (61-mm vs. 23-mm for DR5, 102-mm vs. 6-mm for RC; patch-level 
values converted to volumes and normalized by the sum of upslope accumulated area and 
patch area), which indicates decreased infiltration when rooftop flow was redirected to 
pervious areas.  Thus, in the disconnected scenarios, the decrease in infiltration and increase 
in HOF and SOF (Figure 3.16) represent a negative feedback loop that reduces the site-scale 
efficacy of downspout disconnection to un-altered pervious areas (with limited water storage 
capacitance) as a stormwater control measure. 
As for the effects of the position in the catchment where residential rooftops are 
connected (hypothesis two), there was not a statistically significant difference in basin-scale 
streamflow when comparing near-to-stream vs. far-from-stream residential rooftop 
connectivity scenarios in either watershed.  The lack of influence of residential rooftop 
connectivity position may indicate that the high density of roads drained by storm sewers 
directly connected to streams outweighs the effect of topographic position such that 
residential rooftops draining to pervious areas near streams are not a significant control on 
peak streamflow. 
The existence of impervious land cover thresholds beyond which the geomorphic and 
related ecological conditions of urban streams can be said to decline have been hypothesized 
and demonstrated in terms of both the percentage of impervious surfaces in a watershed 
(traditionally ~10%; Schueler 1994; Randhir 2003), as well as the percentage of effective 
impervious area (EI; that is impervious land cover directly connected to nearby impervious 
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surface-storm sewer-stream networks; Booth & Jackson 1997; Walsh et al. 2009; Schueler et 
al. 2009).  By maintaining the composition of impervious surfaces, but varying the 
connectivity of those surfaces across modeling scenarios, our work helps to confirm the 
importance of EI as a metric for understanding stormwater impacts in medium-density 
urbanized watersheds.  However, reducing EI is only effective in reducing stormwater 
volume if there is sufficient storage capacity (e.g. either in soils or in detention ponds or 
cisterns) or ET rate to dispose of the rerouted water.  The lower storage capacity and ET rate 
of the DR5 watershed serves to sustain variable source area quick flow as shallow subsurface 
flow when EI from residential rooftops is reduced.  This, combined with the less uniform 
distribution of residential development in DR5, which has contiguous forested areas 
surrounding large segments of the stream headwaters, results in small, non-statistically 
significant decreases in quick flow and increases in slow flow compared to the RC watershed. 
In the case of our study watersheds, it should be noted that actual rates of hydrologic 
connectivity of single-family residential rooftops in both DR5 and RC were much lower than 
the 100% (50% in the near v. far from stream scenarios) residential rooftop area connectivity 
scenarios used in this study (40% and 11%, respectively, of observed households had any 
degree of connectivity, the majority only 25% of roof area; see Chapter 4).  Thus, the 
statistically significant 60% storm flow removal efficiency seen in RC does not likely reflect 
the decrease in stormflow we would expect to see if a rooftop disconnection management 
strategy were to be applied, given current rates of rooftop connectivity in this watershed, at 
least for watersheds with similar housing density and patterns, soils and geomorphology.  We 
explore such real-world scenarios in Chapter 4. 
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3.7 Conclusion 
In this study, we explored how residential rooftop hydrologic connectivity influences 
stormwater volume, and whether the location of connectivity in a watershed affects storm 
flow and baseflow volume, in two small, medium-density urbanized Piedmont headwater 
watersheds.  Using simulations with the Regional Hydro-Ecological Simulation System 
(RHESSys), we found that disconnecting all single-family residential rooftops from 
impervious surfaces drained by storm sewers results in decreased daily peak flows and 
increased baseflow, with a slight reduction in yearly streamflow.  This result was only 
statistically significant for the Durham, NC watershed, which may be due to this watershed’s 
high infiltration capacity soils as well as its greater density of single-family development, and 
more uniform distribution of residential development.  We could not discern a difference in 
streamflow response based on where in the watershed (near-to vs. far-from stream) 
residential rooftops were connected or disconnected, and interpret this as evidence of the 
dominant role of pervasive storm sewers in runoff production compared to variable source 
area runoff in our study watersheds.  The unintended consequence of rooftop downspout 
disconnection, an infiltration-based SCM, resulting in decreased infiltration from pervious 
areas, as well as the watershed-specific response to downspout disconnection – with a small  
non-statistically significant decrease in storm flow in the DR5 watershed, and a larger 
statistically significant decrease in RC – highlight the need for distributed watershed-scale 
ecosystem-based modeling approaches to stormwater management that simulate urban 
variable source area dynamics by including linkages between engineered surface and 
subsurface flow processes in urbanized ecosystems. 
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Lastly, from a policy perspective, this study indicates the need to consider multiple 
management strategies at the residential parcel scale, for example rainwater harvesting as 
well as infiltration-based approaches such as downspout disconnection (or bioretention) that 
may be required to significantly reduce stormwater event loading (Fletcher et al. 2014).  
Further, it is necessary to compare the costs and benefits of adopting stormwater retrofits on 
single-family residential parcels to those of retrofitting more extensive impervious surfaces 
in medium-density urbanized watersheds.  Such management strategies, for example 
replacing existing residential streets with narrower streets that incorporate vegetated swales 
rather than curbs, may have substantial up-front capital costs.  However, it is possible these 
alternatives or complements to small-scale management may also reduce management costs 
over the long term (e.g. less street area to pave, fewer storm sewers to maintain and monitor), 
and may have desirable side effects (e.g. traffic calming and increased pedestrian safety, with 
concomitant increase in citizen propensity to walk).  It is also possible that both small- and 
large-scale stormwater retrofits – that is a wholesale re-engineering of existing urban 
landscapes – will ultimately be required to meet water quality goals as urban populations 
increase. 
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Table 3.1 Comparison land use and development history of study watersheds. 
 DR5 study watershed (Baltimore, 
MD) 
RC study watershed (Durham, NC) 
Development era 1950s-1960s 1910s-1950s 
Drainage area, km2 1.57 1.92 
Weighted average slope (%) 6.77 18.03 
Residential parcel area, ha 54 63 
Residential parcel pervious 
area, ha 
43 38 
Residential rooftop area, ha 10.4 14.2 
No. detached houses 630 853 
Houses per hectare 11.7 13.5 
Rooftop area per residential 
parcel (%) 
17 23 
Total impervious (% ws area) 39.9 55.5 
Residential rooftops (% ws 
area) 
6.6 7.4 
Non-residential rooftops (% 
ws area) 
4.9 7.6 
Other impervious (roads, 
parking; % ws area) 
28.3 40.5 
Tree (% ws area) 32.1 35.9 
Lawn (% ws area) 28.0 8.3 
 
Table 3.2 Summary of calibration and GLUE uncertainty analysis for study watersheds. 
 Dead Run 5 (DR5) West Ellerbe Ck. (WEC) 
Calibration time 
period 
2008/10/1 – 2010/10/1 2008/10/1 – 2010/10/1 
Normal rainfall 
1981-2010 (mm) 
1,064-mm 1,214-mm 
WY2009 rainfall 
(mm; % normal) 
1,102-mm (104%) 880-mm (73%) 
WY2010 rainfall 
(mm; % normal) 
1,416-mm (133%) 1,143-mm (94%) 
Number of 
calibration 
simulations 
5,000 1,951 
Number behavioral 
simulations 
100 100 
NSE range 0.53-0.87 0.50-0.64 
NSE-log range 0.56-0.75 0.36-0.57 
% observations 
within 95% 
uncertainty bounds 
49.59 39.45 
Average Relative 
Interval Length 
(ARIL) 
1.76 2.61 
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Table 3.3 Summary statistics of pervious areas receiving surface flow residential rooftops in the all 
residential rooftops disconnected scenarios for DR5 and RC study watersheds.  Number of three-meter 
rooftop pixels contributing flow to a single three-meter pervious pixel are listed in the “No. contributors” 
column.  Frequency distributions of number of contributing rooftop pixels per pervious receiver pixel are 
listed in the “% of pervious receivers” columns. 
  DR5 RC 
No. 
contributors 
Contributing 
area (m2) 
No. 
pervious 
receivers 
Tot. 
contributing 
area (ha) 
% of 
pervious 
receivers 
No. 
pervious 
receivers 
Tot. 
contributing 
area (ha) 
% of 
pervious 
receivers 
1 9  4,796   4.32  62.0%  3,860   3.47  48.8% 
2 18  2,256   4.06  29.2%  2,307   4.15  29.2% 
3 27  510   1.38  6.6%  773   2.09  9.8% 
4 36  126   0.45  1.6%  454   1.63  5.7% 
5 45  30   0.14  0.4%  214   0.96  2.7% 
6 54  6   0.03  0.1%  137   0.74  1.7% 
7 63  3   0.02  0.0%  71   0.45  0.9% 
8 72  -     -    0.0%  37   0.27  0.5% 
9 81  1   0.01  0.01%  24   0.19  0.3% 
10 90  -     -    0.0%  8   0.07  0.1% 
11 99  1   0.01  0.01%  8   0.08  0.1% 
12 108  1   0.01  0.01%  3   0.03  0.04% 
13 117  -     -    0.0%  1   0.01  0.01% 
14 126  -     -    0.0%  1   0.01  0.01% 
15 135  -     -    0.0%  -     -    0.0% 
16 144  -     -    0.0%  -     -    0.0% 
17 153  -     -    0.0%  2   0.03  0.03% 
18 162  -     -    0.0%  1   0.02  0.01% 
19 171  -     -    0.0%  1   0.02  0.01% 
Total   7,730   10.42    7,902   14.23   
 
Table 3.4 Kolmogorov-Smirnov tests for differences of weighted ensemble mean daily streamflow 
(WY2009-2010) from connectivity scenarios for each study watershed.  Critical value of K-Scrit  is 0.0712 
for N=730 with p-value =0.05. “*” indicates  statistically significant difference in distributions. 
Watershed Scenario K-S p-value 
DR5 Connected vs. disconnected 0.0479 0.3631 
DR5 Roofs near stream connected vs. roofs far from stream 
connected 
0.0178 0.998 
DR5 Connected vs. roofs near stream connected 0.0247 0.9781 
DR5 Connected vs. roofs far from stream connected 0.0315 0.8564 
DR5 (RC 
climate) 
Connected vs. disconnected 0.0329 0.8189 
DR5 (silt loam to 
sandy loam) 
Connected vs. disconnected 0.0630 0.1060 
RC Connected vs. disconnected 0.1808* 0.00* 
RC Roofs near stream connected vs. roofs far from stream 
connected 
0.0164 1.00 
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RC Connected vs. roofs near stream connected 0.1041 0.0007 
RC Connected vs. roofs far from stream connected 0.1110 0.0002 
RC (DR5 
climate) 
Connected vs. disconnected 0.1808* 0.00* 
 
Table 3.5 Comparison of behavioral model scenarios showing catchment-scale Horton index, specific 
storm flow reduction (i.e. basin scale storm flow decrease per unit area of impervious land treated), and 
stormwater removal efficiency for each treatment scenario over the period WY2009-2010 averaged over 
all 100 behavioral runs.  Specific storm flow decrease and storm flow removal efficiency are relative to 
100% removal of rainfall falling on residential rooftop area of each catchment (i.e. 14.3-mm/ha, 11.8-
mm/ha; 149-mm DR5, 167-mm RC).  Hydrograph separation was performed using the one-parameter 
digital filter method (𝜶 = 𝟎. 𝟗𝟐𝟓) provided by the Web-based Hydrograph Analysis Tool 
(https://engineering.purdue.edu/~what/). 
Watershed Scenario 
Weighted 
ensemble 
mean 
storm flow 
(mm) 
Weighted 
ensemble 
mean 
baseflow 
(mm) 
Weighted 
ensemble 
mean ET 
(mm) 
Horton 
index 
Specific 
storm 
flow 
decrease 
(mm/ha) 
Storm 
flow 
removal 
efficiency 
DR5 
All 
residential 
connected 
809 428  1,036  0.71 N/A N/A 
DR5 
All 
residential 
disconnected 
782 449  1,038  0.70 2.6 17.8% 
DR5 
All lowland 
residential 
connected 
798 435  1,038  0.70 1.0 7.2% 
DR5 
All upland 
residential 
connected 
793 441  1,036  0.70 1.5 10.4% 
RC 
All 
residential 
connected 
724 343  1,227  0.78 N/A N/A 
RC 
All 
residential 
disconnected 
625 439  1,227  0.74 7.0 59.5% 
RC 
All lowland 
residential 
connected 
677 389  1,227  0.76 3.3 28.2% 
RC 
All upland 
residential 
connected 
672 393  1,227  0.76 3.7 31.1% 
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Figure 3.1 Conceptual urbanized hillslope showing: vertical and horizontal fluxes of water and nutrients, 
hydrologically connected and disconnected residential rooftops, and storm drain draining transportation 
impervious surfaces.   Current stormwater conceptualization is that run-on infiltration into pervious 
areas represents a sink, or loss, of stormwater.  A major question in urban variable source area 
hydrology is the extent to which this run-on may be rapidly routed downslope as shallow subsurface flow 
contributing to quick flow, or lost to deep groundwater contributing to slow flow. 
 
Figure 3.2 (a) Map of DR5 study watershed in Baltimore, MD; (b) Landcover map of DR5 watershed. 
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Figure 3.3 (a) Map of RC study watershed, along with West Ellerbe Creek calibration watershed in 
Durham, NC; (b) Landcover map of RC watershed. 
 
Figure 3.4 Calibration parameter sensitivity for DR5 dual flow table model (5,000 iterations). 
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Figure 3.5 Calibration parameter sensitivity for WEC5 model (1,951 iterations). 
  
111 
 
Figure 3.6 Observed daily streamflow (black) plotted on log scale for clarity, 5%/95% uncertainty 
boundaries (grey) and exceedance probability (%) from behavioral parameters for: (a) DR5 model with 
49.59% of observations fell within uncertainty boundary with ARIL=1.76; and (b) WEC model with 
39.45% of observations fell within uncertainty boundary with ARIL=2.61. 
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Figure 3.7 Calibration parameter sensitivity for DR5 single flow table model (5,000 iterations). 
 
Figure 3.8 (a) Comparison of 5%/95% uncertainty boundaries and exceedance probability (%) from 
behavioral parameters for single flow table (black) and dual flow table (grey) versions of DR5 model.  
Weighted ensemble mean streamflow for both models are plotted on top of the uncertainty bounds.  
Uncertainty boundaries and weighted ensemble mean streamflow for single flow table model (black, 
background) and dual flow table models (grey, foreground) are nearly coincident, and thus difficult to 
distinguish, due to nearly identical behavior of both models; (b) Scatter plot of daily streamflow during 
calibration period of WY2009-2010 for single flow table (x-axis) and dual flow table (y-axis) versions of 
DR5 model.  One-to-one line is drawn in solid black, fit between model versions is drawn in dashed-grey 
line. 
 
 
a. b.
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Figure 3.9 Map of connectivity scenarios for DR5 watershed. 
 
Figure 3.10 Map of connectivity scenarios for RC watershed. 
Single-family connected Single-family disconnected
Far-from-stream connected Near-to-stream connected
0 0.5 1 1.50.25
km Disconnected
Connected
Single-family connected Single-family disconnected
Far-from-stream connected Near-to-stream connected
0 0.5 1 1.50.25
km Disconnected
Connected
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Figure 3.11 Pervious area receivers of flow from residential rooftops for all residential rooftops 
disconnected scenario for subset of: (a) DR5 model; and (b) RC model. 
 
 
Figure 3.12 Comparison of 5%/95% uncertainty boundaries and exceedance probability (%) from 
behavioral parameters for all residential rooftops connected (black, background) and all residential 
rooftops disconnected (orange, foreground) scenarios for: (a) DR5 model; and (b) RC model.  Weighted 
ensemble mean streamflow for both scenarios are plotted on top of the uncertainty bounds. 
a.
b.
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Figure 3.13 Scatter plot of weighted ensemble mean daily streamflow during calibration period of 
WY2009-2010 for all residential rooftops connected (x-axis) and all residential rooftops disconnected (y-
axis) scenarios for: (a) DR5 model; and (b) RC model.  One-to-one line is drawn in solid black, fit 
between model scenarios is drawn in a dashed-grey line. 
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Figure 3.14 Mean values of annual water flux terms for pervious areas of all residential parcels for 
scenarios: downspout connected to the nearest impervious surface (single-family connected; left) vs. 
rooftop connected to nearby pervious areas (single-family disconnected; right) for DR5 watershed (top), 
and RC watershed (bottom). Flux terms were averaged for all pervious areas of residential parcels for 
CY2008 for DR5 and CY2009 for RC (years with close to average precipitation amounts for each 
watersheds); the mean values of these pervious parcel-area averages were then selected.  To limit the 
amount of data produced data were generated from output from a single RHESSys simulation based on 
the behavioral simulation with peak values of NSE and NSE-log likelihood functions. 
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Figure 3.15 Parcel pervious area-averaged: infiltration (left); yearly average detention storage (middle); 
and soil evaporation (right) for model CY2008 for DR5 (top) and CY2009 for RC (bottom) models.  To 
limit the amount of data produced, data were generated from output from a single RHESSys simulation 
based on the behavioral simulation with peak values of NSE and NSE-log likelihood functions. 
 
 
Figure 3.16 Comparison of modeled yearly saturation overland flow (SOF) for all residential rooftops 
disconnected and all residential rooftops connected scenarios for: (a) DR5 model; and (b) RC model.  
Green areas indicate patches with greater SOF for the disconnected scenarios, while red areas indicate 
patches with greater SOF for the connected scenarios.  Yellow areas indicate equal (i.e. less than 1% 
difference) yearly SOF between scenarios; white areas within watershed boundaries indicate patches that 
did not produce SOF.  Impervious surfaces are shown in grey.  Black areas indicate pervious areas that 
received flow from residential rooftops in disconnected scenarios.  Data are from model CY2008 for DR5 
and CY2009 for RC.  Isolated areas accounting for <1% of area with SOF for both DR5 and RC show 
increased SOF for the connected scenario, which result from: (1) slight differences in SOF between 
scenarios greater than our 1% threshold for difference; and (2) flow path biases introduced by routing 
rooftop runoff to particular pervious areas in the disconnected scenarios.  These biases led to increased 
SOF in the disconnected scenario for most pervious areas, but also to decreased SOF in the disconnected 
scenario outside of biased flowpaths. 
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CHAPTER 4. GREEN INFRASTRUCTURE RETROFITS ON RESIDENTIAL PARCELS: 
ECOHYDROLOGIC MODELING FOR STORMWATER DESIGN 
4.1 Preface 
Findings from Chapter 3 showed that small-scale redirection of stormwater runoff from 
residential rooftops to un-altered pervious areas of residential parcels (e.g. lawns) has the 
potential to reduce storm flow volume at the watershed scale, compared to a hypothetical 
baseline scenario where all residential rooftops were directly connected to impervious 
surfaces drained by storm sewers (i.e. effective impervious surfaces).  This potential for 
storm flow reduction depends on the soils and the pattern of residential development in the 
watershed.  In the following chapter, we develop more realistic baseline scenarios for our 
Baltimore, MD and Durham, NC study watersheds where household rooftop connectivity to 
effective impervious surfaces is based on field observations.  We use this real-world baseline 
to evaluate how different methods of redirecting residential stormwater, routing rooftops to 
un-altered lawns or tree covered areas vs. routing to rain gardens with modified soils and 
vegetation, affect stormwater fate across spatial scales. 
  
  
124 
4.2 Abstract 
To meet water quality goals stormwater utilities and not-for-profit watershed 
organizations in the U.S. are working with citizens to design and implement green 
infrastructure on residential land.  Green infrastructure, as an alternative and complement to 
traditional (grey) stormwater infrastructure, has the potential to contribute to multiple 
ecosystem benefits including stormwater volume reduction and quality improvement, carbon 
sequestration, urban heat island mitigation, and to provide amenities to residents.  Green 
infrastructure as stormwater controls are typically implemented and evaluated for benefits at 
the site level.  However, in small (1-10-km2) medium-density urban watersheds with 
heterogeneous land cover it is unclear whether stormwater retrofits on residential parcels 
significantly reduce stormwater volume at the watershed scale.  In this chapter, we seek to 
improve understanding of how small-scale redistribution of water at the parcel scale as part 
of green infrastructure implementation affects urban water budgets and storm flow and 
baseflow volume across spatial scales.  As study sites we use two medium-density headwater 
watersheds in Baltimore, MD and Durham, NC.  We develop ecohydrology modeling 
experiments to evaluate the effectiveness of redirecting residential rooftop runoff to existing 
pervious land and to engineered rain gardens to reduce stormwater runoff.  As baselines for 
these experiments, we performed field surveys of residential rooftop hydrologic connectivity 
to nearby impervious surfaces, and found low rates of connectivity. Through simulations of 
pervasive adoption of downspout disconnection to un-altered pervious areas or to rain garden 
stormwater control measures (SCM) in these catchments, we find that most parcel-scale 
changes in stormwater fate are attenuated at larger spatial scales and that even when 
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considering storm flow reduction per unit impervious area treated, neither SCM alone is 
likely to provide significant changes in streamflow at the watershed scale. 
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4.3 Introduction 
Urban stormwater runoff contributes to the degradation of streams and receiving water 
bodies and threatens important ecosystem services including water supply and biodiversity 
(National Research Council 2008; Walsh et al. 2005b).  In the United States, the National 
Pollutant Discharge Elimination System (NPDES), part of the Clean Water Act (CWA; 33 
U.S.C. § 1319), has helped to control point source pollution from industrial facilities and 
municipal wastewater treatment plants over the last 40 years.  Further efforts toward meeting 
water quality goals (e.g. fishable and swimmable waters) have for the past 20 years been 
increasingly focused on controlling non-point source stormwater pollution from agricultural 
and urbanized landscapes under the Total Maximum Daily Load (TMDL) program of CWA.  
Increases in stormwater runoff from urbanized ecosystems, and concomitant sediment, 
nutrient and toxic pollutants, are driven by non-point source discharges from impervious 
surfaces drained by storm sewers, which alter stream morphology and ecology, decreasing 
water quality in downstream ecosystems (Leopold 1968; Hammer 1972; Poff et al. 1997; 
Walsh et al. 2005b).  The U.S. CWA requires linking these non-point source discharges to 
downstream impairment, though it is difficult to identify such linkages using lumped models 
or site-scale analyses that are not explicitly linked to watershed-scale responses. 
To improve water quality in the face of TMDL requirements managers are turning their 
attention to stormwater retrofits on private urbanized land, where residential impervious 
surfaces (rooftops, drives) and fertilized lawns are potential sources of stormwater pollution.  
Such retrofits are part of a stormwater management practice known as Green Infrastructure 
(GI), also known as Low Impact Development (LID), Sustainable Urban Drainage Systems 
(SUDS) or Water Sensitive Urban Design (WSUDS).  The goal of LID is to mimic pre-
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development hydrology by capturing and treating stormwater close to where it originates, 
while contributing multiple ecosystem benefits including carbon sequestration, urban heat 
island mitigation, and providing amenities to residents (Fletcher et al. 2013; Dietz 2007; U.S. 
Environmental Protection Agency 2014).  LID retrofits on residential land may involve 
changes to: (1) surface flow networks (e.g. downspout disconnection); (2) vegetation (e.g. 
tree planting, lawn removal); (3) soils (e.g. amending poorly drained soils with organic 
matter or aggregates); (4) topography (e.g. construction of swales); (5) temporary detention; 
or combinations of all of the above, for example bioretention cells (a.k.a. rain gardens).  
Widespread development of residential LID retrofits is difficult to achieve due to zoning and 
engineering requirements (e.g. setbacks from building foundations; see below), existing lawn 
care practices and preferences (Robbins & Sharp 2003), as well as neighborhood governance 
regimes (Fraser et al. 2013), in addition to the potential high transaction costs for managers 
working with dozens or hundreds of homeowners in an area.  To surmount such challenges, 
stormwater utilities are exploring programs to provide incentives for homeowners to adopt 
LID stormwater retrofits (e.g. City of Durham Stormwater Services 2014). 
The efficacy of LID, whether practiced on residential parcels or at larger scales, rests on 
the capacity of receiving areas of runoff to infiltrate run-on, recharge groundwater or 
evapotranspire (Figure 4.1).  In medium-density urban watersheds with heterogeneous land 
cover (1-10-km2 headwater watersheds) it is unclear whether and under what conditions 
stormwater retrofits on residential parcels significantly contribute to the restoration of pre-
development hydrology at the watershed scale given the presence of other types of 
development, for example large retail buildings or transportation networks.  In this chapter, 
we seek to improve understanding of how bioretention (rain garden hereafter) retrofits built 
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on residential parcels affect water budget and storm flow and baseflow volume across spatial 
scales in urbanized watersheds.  As study sites we use two medium-density urbanized (11.7-
13.5 houses per hectare) headwater watersheds in Baltimore, MD and Durham, NC.  
Building on previous ecohydrology modeling work looking at the role of residential rooftop 
hydrologic connectivity on stormwater volume in these catchments by redirecting roof runoff 
to existing pervious areas (e.g. lawns; see Chapter 3), in this chapter we ask the question: 
how do different methods for redirecting residential rooftop runoff away from impervious 
surfaces (e.g. routing to lawns vs. rain gardens) affect stormwater fate across spatial scales?  
We hypothesize that, compared to existing pervious areas (e.g. lawns or tree-covered areas), 
rain gardens will: (1) increase infiltration and evapotranspiration and decrease runoff across 
spatial scales (parcel to hillslope); and (2) decrease watershed-scale daily storm flow and 
increase base flows.  To evaluate these hypotheses we developed a series of high spatial-
resolution numerical experiments using the Regional Hydro-Ecological Simulation System 
(RHESSys), a process-based distributed ecohydrology modeling framework (Mittman et al. 
2012; Mittman 2009; Tague & Pohl-Costello 2008; Tague & Band 2004; Band et al. 2000; 
Band et al. 1993).  As baselines for these experiments, we performed field surveys of 
residential rooftop hydrologic connectivity to adjacent impervious surfaces. 
In the following sections we briefly review rain garden design and siting criteria before 
describing our study sites as well as the field methodology used to determine baseline rates 
of residential rooftop hydrologic connectivity.  We then briefly review RHESSys model 
structure and input data before describing the modeling scenarios used to evaluate our 
hypotheses, briefly discussing model calibration, and finally showing the effects of each 
model scenario on stormwater fate across spatial scales. 
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4.4 Rain garden design and siting criteria 
Rain gardens, or bioretention cells, are stormwater control measures designed to capture, 
treat, and depending on design, infiltrate a percentage of stormwater flowing from nearby 
impervious surfaces such as parking lots or rooftops (U.S. Environmental Protection Agency 
2012).  Applicable to both retrofit and new development, rain gardens have the potential to 
provide hydrologic benefits including peak runoff reduction or attenuation due to surface 
detention storage (i.e. ponding), and loss of surface runoff to infiltration and 
evapotranspiration; ponding depths are typically limited to 15- to 30-cm, with ponding times 
limited to 6- to 12-hours (North Carolina Division of Water Quality, Dept. of Environment 
and Natural Resources 2007; Environment Services Division 2007).  Rain gardens typically 
consist of altered soils and vegetation, compared to their surroundings, and can include 
impermeable liners (which prevent exfiltration to surrounding soils) and under drains 
connected to a storm sewer network.  Rain garden soils are often layered, incorporating 
coarse materials (e.g. gravel, sand) at the bottom to promote drainage, with loamy or coarser 
texture soils above to promote infiltration, along with organic matter to promote water 
retention and pollutant adsorption, as well as a mulch layer at the surface to limit weed 
growth and to maintain soil surface infiltration capacity.  The vegetation used in rain garden 
designs is typically selected for its ability to tolerate dry and wet conditions, with native 
species often encouraged.  Designs incorporating liners and under drains are typically used 
for larger rain gardens used to treat runoff from parking lots or commercial roofs.  Designs 
for smaller, residential parcel-scale rain gardens often do not include liners or under drains 
and allow exfiltration into surrounding soils; such designs may only be applicable to areas 
with relatively well-drained soils.  The contributing area for rain gardens is typically limited 
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to 2-ha or less (0.4-ha or less for unlined infiltration-based rain gardens).  Choosing the 
proper size (surface area, soil and detention storage depth) for rain gardens can be complex, 
and depends on the size of contributing roof or other impervious surfaces, design storm 
intensity, duration and magnitude, as well local soil conditions and site slope.  Rain garden 
surface areas typically range from 5-20% of contributing watershed area (depending on the 
depth of the rain garden and the size of the design storm to be treated), with, in the case of 
North Carolina, the minimum dimension in any direction being ~3-m (North Carolina 
Division of Water Quality, Dept. of Environment and Natural Resources 2007).  Rain 
gardens must be sited down slope and away from buildings; a 7.6-m buffer from homes with 
basements, and a 1.5-m buffer from buildings with slab foundations is required in Prince 
George’s County, MD, with 15-m up-slope buffer required for septic fields, and 30-m buffer 
in any direction from water supply wellheads. 
4.5 Methods 
4.5.1 Study sites 
Despite significant challenges due to heterogeneous governance and management 
practices, municipal stormwater utilities and not-for-profit watershed organizations, 
particularly in humid regions of the U.S., for example Baltimore, MD and Durham, NC (City 
of Durham Stormwater Services 2014; Blue Water Baltimore 2014), are working with 
citizens to divert runoff from residential rooftops to adjacent pervious areas including lawns 
and rain gardens.  Our Baltimore, MD study watershed, Dead Run 5 (DR5 hereafter; Figure 
4.2), is a Piedmont headwater watershed composed of 1.6-km2 of urbanized land (40% 
impervious area; Table 4.1) with 630 single-family houses developed in the 1950s-1960s 
before contemporary stormwater regulations were enacted, and has high stormwater drainage 
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density with most streets curbed and drained by storm sewers connected directly to streams 
with few stormwater control measures; storm sewers are separate from sanitary sewers.  Soils 
in the Baltimore watershed are mostly silt loam and are characterized as being well drained 
to poorly drained (i.e. near riparian areas).  However urban soils are often highly disturbed 
(e.g. due to removal of A-horizons, filling with foreign material, and compaction), and are 
often poorly characterized by standard soil surveys (Effland & Pouyat 1997).  Mean annual 
precipitation for the region is 1,063-mm evenly distributed throughout the year, with mean 
seasonal temperatures ranging from -3.1 to 18.2°C based on 1980-2010 climate normals 
(National Climatic Data Center 2014a).  The DR5 watershed lies within the Dead Run 
watershed, which is a 14-km2 sub-watershed of the 171.5-km2 Gwynns Falls watershed, 
which drains into the Chesapeake Bay at Baltimore Harbor.  Gwynns Falls serves as the main 
study site of the Baltimore Ecosystem Study Long Term Ecological Research site (BES 
LTER; http://www.beslter.org/). 
The Durham, NC study watershed comprises roughly 2-km2 of urbanized land (55% 
impervious; Table 4.1, Figure 4.3) with 853 single-family houses developed in the 1910s-
1950s, and is a headwater of the heavily developed Ellerbe Creek, which drains much of 
downtown Durham, NC.  In 2011 the City of Durham Stormwater Services selected this sub-
watershed as the site of its “Rain Catchers” project (City of Durham Stormwater Services 
2014). The goal of Rain Catchers (RC) is to test the effect that intensive installation of 
residential-scale stormwater management practices (e.g. downspout disconnections, rain 
gardens, rain barrels) has on stormwater pollution.  Like DR5, the Durham watershed has 
high stormwater drainage density due to most streets being curbed and drained by storm 
sewers, which are separate from the sanitary sewer network; there are few stormwater control 
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measures present in the Durham watershed.  Soils in the Durham watershed (RC for “Rain 
Catchers” hereafter) range from sandy loam to silt loam (near riparian areas) and are 
characterized as being moderately well drained to somewhat poorly drained (near riparian 
areas); these urban soils are likely highly disturbed as in DR5.  Mean annual precipitation for 
the region is approximately 1,200-mm with roughly 20% more rainfall occurring during the 
summer than other seasons, and mean seasonal temperatures ranging from 0.4 to 20.1°C 
(based on 1980-2010 climate normals; National Climatic Data Center 2014b).  Located in the 
Piedmont physiographic province, Ellerbe Creek is a 95.2-km2 watershed that flows into 
Falls Lake and is part of the Neuse River watershed, which flows into the Atlantic Ocean via 
Pamlico Sound below New Bern, NC.  Completed in 1983, Falls Lake is a flood control, 
water supply, and recreation impoundment in central North Carolina.  Unfortunately, neither 
long-term stream stage data nor rating curve is available for the RC watershed.  For the 
purposes of model calibration (see below), the adjacent West Ellerbe Creek watershed was 
used to develop behavioral calibration parameters for use of the RC model scenarios.  West 
Ellerbe Creek (WEC; Figure 4.3) is a Piedmont headwater watershed composed of urbanized 
land cover (36% impervious area), with similar soils as the RC watershed, but with a 15-km2 
drainage area that is an order of magnitude larger (vs. 2-km2 for RC). 
4.5.2 Mapping residential rooftop hydrologic connectivity 
To simulate potential changes in stormwater runoff as a result of residential rooftop 
disconnection or by constructing rain gardens on residential parcels, we first simulate 
stormwater runoff from baseline conditions on these parcels.  We characterized baseline 
conditions in part using high-resolution (1-m) land cover, which captures the presence of 
impervious and pervious surfaces.  However neither the LIDAR nor aerial photography data 
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on which the land cover maps are based are able to characterize hydrologic connectivity 
between residential rooftops and nearby impervious drained by storm sewers connected to 
streams (e.g. concrete driveways) and pervious (e.g. lawns, forested patches) areas.  To 
characterize this connectivity, we performed parcel-scale “curb surveys” in the DR5 and RC 
study watersheds.  For each watershed, a clustered random sampling approach was used to 
select houses to survey.  Houses were defined as detached homes including single-family 
homes, duplexes, as well as formerly single-family homes subdivided into as many as four 
apartments.  We identified these houses using land use codes associated with parcel data 
from Maryland Property View (for DR5) and Durham County, NC (for RC).  Clustered 
random sampling was performed in each study watershed as follows.  Roughly 30 parcels 
containing detached houses were randomly chosen.  These parcels served as anchor points 
around which nine nearby houses were entered into the sample (typically five contiguous 
detached houses on each side of the street including the anchor point, roughly 10 houses per 
cluster).  This approach ensures that each cluster is randomly distributed in the study 
watershed while allowing potential neighborhood affects to be captured (i.e. nearby houses 
having similar rooftop connectivity). 
Curb surveys were conducted from public rights-of-way (streets and sidewalks).  Two 
surveyors worked together in each study watershed.  To ensure reliability in rooftop 
connectivity assessments between surveyors, roughly 20% of houses sampled were surveyed 
by both surveyors.  Discrepancies found between surveyors were few, but were used to 
ensure uniformity of assessment methodology between surveyors.  For each house sampled, a 
surveyor recorded whether there were gutters attached to roofs, and if so, recorded the 
location of gutter downspouts and whether they drained directly onto impervious (e.g. 
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driveway, sidewalk, street) or pervious surfaces (e.g. lawn, garden, bare earth).  The percent 
roof area (0%, 25%, 50%, 75%, or 100%) of a given house directly connected to storm 
sewer-drained impervious surfaces was estimated based on the number of total downspouts 
visibly draining onto adjacent impervious surfaces (see Figure 4.4 for an example field data 
collection form).  If a downspout outlet was not visible (e.g. obscured by vegetation, entering 
a buried pipe with no discernable outfall, for example a pipe emerging at a curb) the 
downspout was assumed not to be directly connected to adjacent impervious areas.  
Topographical slope was also used to determine connectivity; if a downspout drained onto a 
concrete driveway that sloped away from the street and toward a pervious area (e.g. lawn), 
the downspout was deemed not to be directly connected to adjacent impervious surfaces.  
Similar slope-based analysis was used to account for downspouts with obscured outfalls (e.g. 
in back yards behind fences).  Some downspouts drained onto driveways (concrete, asphalt, 
gravel/crushed stone, grass); grass and gravel/crushed stone and driveways were assumed to 
be pervious (Gilbert & Clausen 2006).  Other downspouts drained onto pervious areas (e.g. 
bare earth, grass) upslope of adjacent impervious surfaces (e.g. concrete driveways); when 
the flow path length of these pervious areas was estimated to be 1.5-m or less, the 
downspouts were deemed to be directly connected to the adjacent impervious (Bochis-Micu 
& Pitt 2005).  While some accuracy is lost by conducting surveys from rights-of-way as 
opposed to walking onto properties (particularly for the rear of non-corner houses), the curb 
surveys took only 3-5 minutes per house to conduct and did not require the overhead of 
gaining permission to enter private property, thus allowing us to survey ~10-fold more 
houses in the same amount of time.  
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The results of residential rooftop connectivity mapping for DR5 (Baltimore, MD) and RC 
(Durham, NC) study watersheds are summarized in Table 4.2.  In both watersheds, the 
majority of observed houses did not have any rooftop area directly connected to nearby 
impervious surfaces.  Rates of connectivity were much lower in RC than DR5 (11.6% vs. 
40.2%).  Of those rooftops with some portion of their area directly connected to impervious 
surfaces, most were estimated to have 25% of their area connected.  Only two houses, both in 
DR5, were estimated to have 100% of their rooftop area directly connected to impervious 
surfaces, while a few houses in DR5 and RC had 50-75% of their rooftop area connected.  A 
total of 264 houses were sampled in DR5 (of 630 total; 42%), with 266 sampled in RC (of 
853 total; 31%).  The connectivity of unobserved houses was estimated by randomly 
applying percentage rooftop area connectivity rates while maintaining the same proportion of 
percent area rooftop connectivity observed in the samples (small sample size and spatial 
autocorrelation made efforts to statistically predict the connectivity of unobserved houses 
impracticable).  The resulting connectivity maps are shown as baseline connectivity maps in 
Figure 4.5 (DR5) and in Figure 4.6 (RC). 
4.5.3 Model description  
Originally developed to model forested ecosystems in the semi-arid mountain West of the 
U.S., RHESSys is an open-source GIS-based ecohydrology framework that simulates carbon, 
water, and nitrogen cycling in complex terrain (Band et al. 1993; Band et al. 2000; Tague & 
Band 2004); RHESSys source code is currently hosted on GitHub 
(https://github.com/RHESSys/RHESSys).  As a spatially distributed continuous-time model, 
RHESSys can model spatio-temporal interactions between ecohydrological processes from 
patch to watershed scales.  In RHESSys, patches can be grid-based or can represent 
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ecologically meaningful units such as biome type, which are nested hillslopes, which are 
contained by basins (i.e. the watershed).  RHESSys simulates lateral redistribution of water 
and solutes (e.g. carbon and nitrogen) among patches using a topographical routing approach 
adapted from the Distributed Hydrology Soil Vegetation Model (DHSVM; Wigmosta et al. 
1994), where both subsurface (from the saturated zone) and surface (overland flow) flows are 
routed from patch to patch using the same flow network, which is encoded in a flow table.  
RHESSys currently uses an hourly routing time step.  In lieu of solving full hydraulic routing 
equations for curb and pipe flow, flows routed to connected impervious surfaces are assumed 
to exit the basin within a single time step (a reasonable assumption for our relatively small 
study watersheds). 
To simulate the effects of directing residential rooftop runoff to impervious surfaces, 
existing pervious areas, or to rain gardens, we employed both topographic subsurface and 
engineered surface flow networks (based on rooftop connectivity) in RHESSys as described 
in Chapter 3.  Subsurface and surface flow tables are created using RHESSys pre-processing 
tools.  To automate the placement of rain gardens using these tools, we input a priority 
surface flow receiver map (i.e. rain garden candidate locations based on setback rules defined 
in design standards; see above).  The priority map is an integer raster where pixels with a 
value of one that are coincident with pervious land cover pixels, and are at a lower elevation 
than the source rooftop pixel (to prevent upslope recharge in accordance with common rain 
garden design standards), will be favored when determining where to route non-connected 
rooftop flow.  Inverse distance weighting is used to ensure that distant priority pixels (e.g. a 
rain garden across the street) do not receive flow over nearer pervious pixels.  This approach 
is a simple method to allocate drainage from rooftops to pervious areas en masse, preserving 
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typical local guidelines for downspout redirection.  The methods are designed to develop 
“screening” models investigating potential neighborhood- and watershed-scale impacts of GI, 
and not for specific GI design and implementation. We are currently developing web-based 
tools that allow for interactive siting and visualization of potential rain garden locations. 
4.5.3.1 Model input data 
Model input data are summarized in Table 4.3.  See Chapter 3 for a full description of 
model input data.  Once data for each watershed (DR5, RC, and WEC calibration model) 
were assembled, we built RHESSys models using RHESSysWorkflows 
(https://github.com/selimnairb/RHESSysWorkflows) as described in Chapter 2. 
4.5.3.2 Model calibration and uncertainty estimation 
We calibrated RHESSys model parameters with observed streamflow using a Monte 
Carlo approach described in Chapter 3.  Calibrated parameter uncertainty was evaluated 
using Generalized Likelihood Uncertainty Estimation (GLUE; Beven & Binley 1992).  
GLUE addresses possible equifinality of different sets of model parameters (Beven 2006) by 
identifying behavioral parameter sets (i.e. those that satisfy a threshold value for a likelihood 
function for simulating the observed behavior of the system being modeled).  We use Nash-
Sutcliffe Efficiency (NSE; Nash & Sutcliffe 1970) as the likelihood function.  The DR5 and 
RC models were developed at a spatial resolution of 3-m, which provides sufficient detail to 
simulate differences in residential rooftop hydrologic connectivity.  To minimize memory 
footprint and model runtime, the West Ellerbe Creek (WEC) calibration model was 
developed at a 5-m spatial resolution.  Based on tests conducted using models of the DR5 
watershed, we determined that behavioral parameter ranges from a 5-m RHESSys model 
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were similar to those of 3-m models.  Thus, the behavioral parameter sets from WEC were 
transferred to the 3-m spatial resolution RC model. 
4.5.4 Downspout disconnection and rain garden retrofit scenarios 
In this study, we consider only un-lined, un-drained rain gardens and use design and 
siting guidelines drawn from the Prince George’s County, MD Bioretention Manual 
(Environment Services Division 2007) and North Carolina Stormwater Best Management 
Practices Manual (North Carolina Division of Water Quality, Dept. of Environment and 
Natural Resources 2007), except where noted.  Using these guidelines, we developed five 
modeling scenarios for each study catchment to test our hypotheses that, compared to 
redirecting surface runoff from residential rooftops to un-modified pervious surfaces, routing 
runoff to rain gardens will: (1) increase infiltration and evapotranspiration across spatial 
scales (parcel to hillslope); and (2) decrease watershed-scale daily storm flow while 
increasing baseflows.  Our first model scenario simulates land cover with rates of residential 
rooftop hydrologic connectivity to impervious surfaces based on field observations (DR5, 
Figure 4.5 and RC, Figure 4.6) and serves as a baseline for comparing treatment scenarios.  
For this and all other scenarios, we assumed that all non-residential rooftops were directly 
connected to adjacent impervious surfaces drained by storm sewers connected directly to 
streams.  As a second baseline scenario, all residential rooftops were directly connected to 
storm sewer-drained impervious surfaces (see Chapter 3).  In the third scenario, all 
residential rooftops had their surface flow routed to the nearest pervious surfaces (i.e. lawn or 
tree-covered area; as in Chapter 3).  The fourth and fifth scenarios simulate the pervasive 
construction of rain gardens in each study watershed; rain gardens in scenario four featured 
deciduous tree vegetation, while evergreen trees were used in scenario five (Table 4.4).  We 
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sited rain gardens using a 3-m setback from houses, and roof runoff for each house was only 
routed to a rain garden if the nearby rain garden site was at a lower elevation than the house 
(we did not consider parcel slope when placing rain gardens).  All rain gardens were assumed 
to occupy the entire 3-m model patch in which they were placed.  The 3-m setback we used 
is considerably smaller than that required by the Prince George’s County, MD bioretention 
design manual and thus represents overly optimistic placement and adoption rate for 
residential rain gardens; this serves as an upper bound for evaluating the watershed-scale 
hydrologic effects of rain gardens.  In DR5, the result was 1,566 contiguous rain gardens 
(each composed of one or more 3-m patch) representing 1.6% of the watershed area (Figure 
4.5; Table 4.4), with 2,380 rain gardens placed on 2.2% of the watershed area in RC (Figure 
4.6; Table 4.4).  In the disconnected scenario and rain garden scenarios for each watershed, a 
majority of 3-m pervious grid cells receiving residential roof runoff received runoff from one 
or two 3-m rooftop grid cells. These contributing-area to receiving-area ratios (1:1 to 1:2) are 
much higher than the 1:5 to 1:20 ratios typical for rain gardens, and are conservative designs 
that may represent an upper limit on the real-world performance of rain gardens installed in a 
watershed context.  The full distributions of receivers and contributing areas are listed in 
Table 4.5. 
4.6 Results 
4.6.1 Calibrated model performance 
Table 4.6 summarizes model calibration results. The calibrated period of each model was 
2-years, with at least 18-months of model spin up prior to calculating calibration likelihood 
functions to allow soil water stores to stabilize.  The calibration time periods used for both 
DR5 and WEC were water year (WY) 2009 and 2010 (10/1/2008 through 9/30/2010), and 
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were chosen based on available climate and streamflow data.  For DR5, precipitation during 
WY2009 was 1,102, close to the 1980-2010 average of 1,064-mm, while WY2010 was a wet 
year with over 1,416-mm of precipitation (Table 4.6).  In WEC, WY2009 precipitation was 
880-mm, much lower than the 1980-2010 average of over 1,200-mm, while WY2010 saw 
1,143-mm, close to average conditions (Table 4.6).  Uncertainty in model parameters was 
estimated using GLUE methodology as follows.  First, the Nash-Sutcliffe Efficiency 
likelihood functions were calculated for each calibration model run for both daily streamflow 
(NSE) and the logarithm of daily streamflow (NSE-log); daily streamflow emphasizes the 
importance of storm flow on prediction performance, while the logarithm of daily streamflow 
emphasizes base flow.  Behavioral model runs were selected by taking the top 100 model 
runs sorted by NSE-log followed by NSE; no explicit likelihood value threshold was used 
(Table 4.6).  An empirical cumulative distribution function of NSE likelihood values for each 
daily time step was then created, from which a 95% uncertainty range for model predictions 
was selected. Weighted ensemble mean daily streamflow time series (Seibert & Beven 2009) 
were calculated from model results falling within the 95% prediction interval.  More details 
of the model calibration can be found in Chapter 3. 
4.6.2 Stormwater fate across scales 
To compare the fate of stormwater in each modeling scenario across spatial scales we use 
yearly patch-level model output for the entire extent of both DR5 and RC watersheds for a 
single model year (CY2008 for DR5 and CY2009 for RC, which had close to average 
precipitation for each watershed).  We compare efflux variables (runoff, subsurface lateral 
drainage, infiltration, and evapotranspiration) averaged over three spatial scales: (1) pervious 
areas of residential parcels; (2) entire residential parcels; and (3) entire hillslopes. 
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4.6.2.1 Water balance for pervious areas of residential parcels 
A mean water balance for all residential pervious parcel areas was calculated from flux 
terms as follows: 
∆𝑆 = 𝑃 + 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 + 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 − 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡 − 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡 − 𝑄𝑔𝑤 − 𝐸𝑇 
where ∆𝑆 is the change in soil water storage, 𝑃 is precipitation, 𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 is run-on from 
adjacent pervious or impervious areas, 𝑄𝑠𝑢𝑏𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑖𝑛 is subsurface inflow to pervious patches, 
𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑜𝑢𝑡  is runoff from pervious patches, 𝑄𝑔𝑤  is ground water drainage, and 𝐸𝑇 is 
evapotranspiration from pervious patches (all in units of millimeters per year).  This water 
balance is illustrated for each scenario and watershed in Figure 4.7, which also includes 
infiltration (infiltration is not explicitly included in the above water balance equation as it is 
incorporated in net flux from other terms, though infiltrated water may contribute to both 
subsurface out, groundwater drainage and ET).  For both DR5 and RC, mass balance 
indicated positive change in storage for all scenarios, with the connected scenarios showing 
the smallest increase for RC (23-mm), and all other scenarios showing similar increases (49-
mm for DR5, ~37-mm for RC). 
For both DR5 and RC, re-routing residential rooftop runoff from adjacent impervious 
surfaces to the nearest pervious surface (e.g. lawn or tree-covered land) resulted in decreased 
net run-off, but increased net subsurface flow, with decreased infiltration (Figure 4.7a, b, e, 
and f); evapotranspiration decreased in the disconnected (i.e. connected to pervious areas) 
scenario in RC.  Pervious areas of residential parcels in RC became a net sink of surface 
runoff in the disconnected scenario.  By introducing rain gardens to the pervious areas 
receiving rooftop runoff in both DR5 and RC models (Figure 4.7c, d, g, and h), net runoff 
was further reduced (with decreases of ~25% and ~60% in DR5 and RC respectively) and 
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evapotranspiration increased (~3.0% for DR5 and 2.7% for RC) compared to the un-altered 
pervious surfaces.  In DR5, infiltration increased slightly in the rain garden scenarios 
(~1.2%) but was still ~3.5% lower than levels seen in the connected scenario.  In RC, net 
subsurface out flow increased by ~12% in the rain garden scenarios compared to the 
disconnected scenario, but infiltration decreased slightly (~1.5%).  In both DR5 and RC, 
evergreen rain gardens showed higher mean infiltration and evapotranspiration, and lower net 
runoff and subsurface flow than deciduous rain gardens. 
4.6.2.2 Cross-scale water fluxes 
Looking across spatial scales, in both DR5 and RC modeled surface runoff was lowest 
for the rain garden scenarios, but this difference grew smaller as the area of spatial 
aggregation increased (from pervious areas of residential parcels, to entire residential parcels, 
to hillslopes; Figure 4.8).  Differences between scenarios across parcel scales were larger in 
RC than in DR5.  Yearly infiltration averaged over pervious areas of residential parcels in 
DR5 was lowest for the baseline and disconnected scenarios, and highest for the connected 
scenarios, with the rain garden scenarios falling in between, though closer to the baseline 
scenario (Figure 4.9a); mean infiltration for the connected scenario was 807-mm/year, and 
777-788-mm/year for the other scenarios.  This pattern differed from that in RC, where the 
baseline and disconnected scenarios showed greater infiltration than the rain garden scenarios 
(the deciduous scenarios having the least), but far less than the connected scenario (Figure 
4.9d); mean infiltration was 912-mm/year for the connected scenario and 868-882-mm/year 
for the other scenarios.  At the full parcel and hillslope scales, yearly infiltration patterns 
were similar for both DR5 and RC, with baseline, disconnected, and rain garden scenarios 
exhibiting slightly less yearly infiltration than the connected scenario at the full parcel scale, 
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and with little difference at the hillslope scale (Figure 4.9b, c, e, and f).  Evapotranspiration 
in DR5 was nearly identical for the baseline, connected, and disconnected scenarios across 
all scales (Figure 4.10a through c); the deciduous rain garden scenario had greater ET, and 
the evergreen scenario greater still, though this gap narrowed some at the entire residential 
parcel and hillslope scales.  In RC, the pervious parcel-scale pattern is similar with baseline 
and disconnected scenarios having the least ET, and deciduous rain gardens having slightly 
greater ET, and evergreen rain gardens having the greatest (Figure 4.10d); however, the 
connected scenario generated more ET than the evergreen scenario.  This pattern held but 
narrowed substantially at the entire parcel and hillslope scales (Figure 4.10e and f). 
4.6.3 Watershed-scale stormwater volume – residential rooftops routed to pervious 
surfaces 
Comparing watershed-scale modeled streamflow for baseline rooftop connectivity (based 
on connectivity determined by field observations) for DR5 to the scenario where residential 
rooftops were re-routed to un-altered pervious areas (i.e. all residential roofs disconnected) 
shows virtually no difference (Figure 4.11a), with a high degree of overlap in 95% prediction 
intervals, and nearly identical weighted ensemble mean streamflow (Figure 4.12a).  We 
tested the statistical significance of differences between weighted ensemble mean streamflow 
time series (Seibert & Beven 2009) using the nonparametric Kolmogorov-Smirnov (K-S) 
test; the differences were not statistically significant (Table 4.7).  To evaluate the sensitivity 
of our treatment scenarios to baseline conditions, we also compared the scenario where all 
residential roofs were disconnected to a baseline where all residential roofs were connected 
to adjacent impervious surfaces for DR5 (as was demonstrated in Chapter 3 with only 
downspout disconnections, and not rain gardens).  Here we can see slight differences in the 
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95% prediction interval with a tendency toward higher baseflow and smaller storm flow 
peaks in the disconnected scenario (Figure 4.11b), which can also be seen in the scatter plot 
of weighted ensemble mean streamflow time series (Figure 4.12b).  However, these results 
are not statistically significant (Table 4.7).  Seasonally, weighted ensemble mean streamflow, 
averaged over WY2009 and 2010, for the all residential rooftops connected scenario shows 
slightly elevated streamflow in spring and summer, with a decrease in and fall (Figure 4.13). 
For the RC watershed, the all residential rooftops disconnected scenario did not vary 
significantly from observed baseline residential rooftop connectivity (Figure 4.11c, Table 4.7, 
Figure 4.14a).  However, there was a large statistically significant difference between the all 
residential rooftops connected scenario (Figure 4.11d, Table 4.7), with a large decrease in 
daily storm flow peaks (Figure 4.14b), as was shown in Chapter 3.  Seasonal weighted 
ensemble mean streamflow for the all residential rooftops connected scenario in RC showed 
a decrease in winter streamflow (due to lower antecedent soil moisture conditions), and slight 
increases in streamflow during the rest of the year (Figure 4.13). 
4.6.4 Watershed-scale stormwater volume – residential rooftops routed to rain gardens 
Introducing rain gardens, whether with deciduous or evergreen vegetation, to the DR5 
study watershed does not produce a statistically significant change in base flows or peak 
flows compared to either baseline connectivity or all residential rooftops connected scenarios 
(Table 4.7). The 95% uncertainty bounds for deciduous and evergreen rain gardens were 
nearly the same, so only plots for deciduous rain gardens are shown (Figure 4.15a and b).  
Though not statistically significant, the scatter plots comparing weighted ensemble mean 
streamflow from rain garden scenarios to both baseline scenarios show a decrease in daily 
streamflow at the catchment scale, particularly for moderate to high flows (Figure 4.12c 
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through f).  Seasonal streamflow is similar under both rain garden scenarios (Figure 4.13), 
though there is a slight decrease in winter, spring, and fall streamflow for the evergreen 
rainfall scenario, which is due to continued transpiration for evergreen rain gardens outside 
of the growing season for deciduous vegetation.  Compared to simple downspout 
disconnections, rain gardens resulted in both increased specific storm flow decrease and 
increased storm flow removal efficiency compared to both 100% connected and baseline 
connectivity reference scenarios (Table 4.8).  However, distributions of weighted ensemble 
mean daily streamflow were not statistically different between scenarios (see above).  
Specific catchment-scale storm flow decrease (mm/ha) is defined as: 
𝐷 =
𝑄𝑠𝑡𝑜𝑟𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 −  𝑄𝑠𝑡𝑜𝑟𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝐴𝑡𝑟𝑒𝑎𝑡𝑒𝑑
 
where 𝑄𝑠𝑡𝑜𝑟𝑚 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  is watershed-scale storm flow from the reference scenario (e.g. all 
residential rooftops connected), 𝑄𝑠𝑡𝑜𝑟𝑚 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡  is watershed-scale storm flow from the 
treatment scenario (e.g. all residential rooftops disconnected), and 𝐴𝑡𝑟𝑒𝑎𝑡𝑒𝑑   is the area of 
rooftops treated in the watershed.  Removal efficiency E is defined as: 
𝐸 =
𝐷
𝐷100%
  
where 𝐷 is the specific storm flow decrease, and 𝐷100%  is the specific storm flow 
decrease that would result from 100% of rain falling on treated rooftops being abstracted. 
In the RC study watershed, rain gardens had little effect on watershed-scale streamflow 
compared to baseline residential rooftop connectivity based on field observations.  A very 
slight, non-statistically significant, increase in baseflow and slight decrease in peak flow 
across 95% prediction intervals can be observed (Figure 4.15c, Figure 4.14c, Table 4.7).  A 
comparison of weighted ensemble mean streamflow shows slightly lower peak flows in the 
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rain garden scenarios (Figure 4.14c and e).  When the RC rain garden scenarios are instead 
compared to the all residential rooftops connected baseline scenario, we see substantial and 
statistically significant differences in watershed-scale streamflow across 95% prediction 
intervals, with a tendency towards increased base flow and decreased storm flow peaks 
(Figure 4.15d, Figure 4.14d, Table 4.7).  We explored reasons for the statistically significant 
response when routing residential rooftops to existing pervious areas in RC in Chapter 3.  
However, as the scatter plots of weighted ensemble mean daily streamflow show, there is 
only a small marginal decrease in peak flows when flow is directed to rain gardens compared 
to un-altered pervious areas (i.e. lawn or tree covered land; Figure 4.14b, d, and f).  Seasonal 
streamflow for RC rain garden scenarios is very similar to that of the simple rooftop 
disconnection scenario, however the evergreen rain garden scenario shows slight decreases in 
streamflow in winter, spring, and fall (Figure 4.13), similar to that seen in DR5.  Similar to 
the DR5 watershed, in RC the rain garden scenarios resulted in both increased specific storm 
flow reduction and increased storm flow removal efficiency compared to both 100% 
connected and baseline connectivity reference scenarios (Table 4.8).  In the case of RC, 
distributions of weighted ensemble mean daily streamflow were statistically different 
between scenarios (see above). 
4.7 Summary and conclusion 
4.7.1 Cross-scale differences in stormwater fate 
The results from our numerical modeling experiments show that placing rain gardens on 
residential parcels, compared to performing simple residential rooftop downspout 
disconnections to exiting pervious areas, results in increased evapotranspiration (hypothesis 
one) and decreased net overland flow from pervious areas at the scale of residential parcels 
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(Figure 4.7).  While these results were similar for both DR5 (Baltimore, MD) and RC 
(Durham, NC) study catchments, the magnitude of changes was greatest for rain gardens in 
RC (68-72-mm decrease in mean net runoff, 26-27-mm in DR5).  The decreases in net 
overland flow seen in all rain garden scenarios is due to: the 0.15-m detention storage 
available in the rain garden, increased ET, as well as increased infiltration capacity of the 
rain garden soil in DR5.  The greater decrease in net runoff in rain garden scenarios in RC is 
due to a larger decrease in mean net subsurface outflow in rain gardens in RC (32-39-mm, 4-
5-mm in DR5), larger increase in mean groundwater drainage (8-mm for RC, 2-mm for DR5) 
given equal or greater increases in ET for rain gardens in RC. 
In both DR5 and RC we saw a decrease in infiltration resulting from downspout 
disconnection from impervious to un-altered pervious areas.  This was perhaps a counter-
intuitive result as downspout disconnection is a rudimentary form of infiltration-based 
stormwater management, and is due to more localized use of water in the connected scenario 
as a result of less surface and subsurface flow and greater ET providing more pore space for 
infiltration in pervious areas of residential parcels.  These results are explored more in 
Chapter 3.  The counter-intuitive reduction in infiltration seen in the pervious parcel area 
water balance for disconnected scenarios for DR5 and RC persisted across spatial scales 
(Figure 4.9), though the difference was greatest in the RC catchment at the pervious parcel 
area scale.  We attribute the larger increase in infiltration for the connected scenario in RC to 
greater ET in this catchment due to more extensive tree cover and larger atmospheric demand 
driven by climate (yearly average pan evaporation (1950-2009) for Chapel Hill, NC Global 
Historical Climatology Network (GHCN) station USC00311677 is 1,071-mm, while 
Beltsville, MD GNCN station USC00180700 showed 802-mm).  In both study catchments, 
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differences in infiltration between spatial scales narrows as scale increases to the hillslope 
scale.  This shows how the signal from residential parcel-scale management is attenuated as 
increasingly larger units of spatial aggregation incorporate more heterogeneous land cover 
types such as transportation impervious networks.  This signal attenuation across scales can 
also be seen for ET (Figure 4.10). 
With the introduction of rain gardens, ET increased slightly in RC and more so in DR5 
(exceeding mean pervious parcel scale ET seen in the connected scenario), compared to the 
disconnected scenario, across spatial scales (Figure 4.10) in accordance with our first 
hypothesis.  Infiltration also increased across spatial scales in rain garden scenarios in DR5 
(Figure 4.9a through c).  At the parcel scale in both watersheds, evergreen rain garden 
scenarios showed higher ET and infiltration than deciduous rain gardens due to year-round 
transpiration and thus water demand.  However, counter to hypothesis one, in the RC 
watershed mean infiltration for the rain garden scenarios decreased compared to the 
disconnected scenario at the pervious parcel area scale (Figure 4.9d) but was similar to 
infiltration seen in the disconnected scenario at the entire parcel and hillslope scales (Figure 
4.9e and f).  This slight decrease in infiltration for RC rain gardens is due to an increase in 
the mean number of days in model CY2009 with saturated conditions at the pervious parcel 
scale (22 days for the rain garden scenarios, compared to 17 for the disconnected scenario; 
DR5 saw a decrease in mean days with saturated conditions, 59 for rain gardens, 61 for 
disconnected scenario, hence the increase in mean infiltration in rain garden scenarios).  This 
difference between the two catchments is due to the larger difference, in DR5, in baseline 
soils compared to rain garden soils.  In DR5, most soils were silt loam, with an infiltration 
capacity ~1/20th that of the loamy sand soils used in our rain garden parameterization (0.622-
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m/day versus 13.5-m/day), while the sandy loam soils of RC had a relatively higher 
infiltration capacity  (3.0-m/day) 1/5th that of the rain garden soils. For comparison, 
infiltration rates measured by Smith (2010) throughout the Gwynns Falls watershed in 
Baltimore, MD ranged from 1.2- to 6.0-m/day.  The higher transmissivity of the sandy loam 
soils in RC resulted in a ~13% average increase in subsurface inflow in rain garden scenarios 
(compared to the disconnected scenario), resulting in wetter conditions (yearly average 
rooting zone soil moisture was 0.68 for the disconnected scenario vs. 0.62 for the connected 
scenario) and less infiltration capacity in pervious areas of residential parcels for RC rain 
garden scenarios, while the increase in subsurface inflow was only ~3% in DR5.  
4.7.2 Watershed-scale effects of parcel-scale management 
At the watershed scale, rain gardens built on residential parcels, even pervasively applied 
across two distinct watersheds, have only small, non-statistically significant effects at the 
watershed outlet – increasing base flow levels and decreasing daily storm flow – compared to 
observed rates of residential rooftop connectivity to impervious surfaces determined through 
field surveys.  There was only a ~22% removal efficiency for rain gardens in DR5, and a 
~6% removal efficiency in RC.  Using baseline residential rooftop connectivity observed 
from field surveys, the rain garden scenarios resulted in small decreases in storm flow 
(hypothesis two) of ~27-mm over WY2009 and WY2010 in DR5, and ~9-mm in RC (Table 
4.8).  The decrease in storm flow due to rain gardens, and concomitant increase in specific 
storm flow reduction and increase in removal efficiency (Table 4.8), were greater in DR5 
because of the lower infiltration capacity of the predominant silt loam soils in the non-rain 
garden scenario (a result of greater antecedent soil moisture due to slower drainage), 
compared to sandy loam soils in RC.  Thus, the greater relative increase in water storage 
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capacitance of the rain garden scenarios in DR5 lead to greater relative local cycling of water 
as depicted in Figure 4.1, and to greater percentage decreases in watershed-scale storm flow 
than in RC.  In other words, watershed-scale water storage capacitance was already relatively 
high in RC, making watershed-scale streamflow response less sensitive to changes in 
capacitance resulting from the construction of rain gardens.  It must be noted that we assume 
a zero-percent loss rate (i.e. loss to ET or infiltration) for stormwater conveyed over 
impervious surfaces and drained through storm sewers connected to streams.  This likely 
over estimates the efficiency of stormwater drainage infrastructure, and therefore overstates 
potential storm flow reductions due to rain gardens and rooftop disconnection. 
4.7.3 Management implications 
Despite extensive installation of rain gardens in our study catchments – 1,566 contiguous 
rain gardens over 1.6% of DR5, 2,380 rain gardens covering 2.2% of RC – we did not see 
statistically significant changes in watershed-scale streamflow compared to observed rooftop 
connectivity.  Further, specific storm flow reductions from both watersheds were small, 
ranging from 0.7-3.2-mm per hectare impervious surface treated over two water years (2009 
and 2010), and storm flow removal efficiencies were also low (~22% for DR5 and only ~6% 
for RC).  This is perhaps not surprising due to the small area of each study watershed given 
to residential rooftops (6.6% in DR5, 7.4% in RC) and the low rates of residential rooftop 
connectivity to nearby impervious surfaces we observed through field surveys (~40% in DR5, 
~11% in RC).  Specific storm flow reductions were much larger (2.6-7.5-mm/ha) for the 
100% residential rooftop connected baseline scenario, as was storm flow removal efficiency 
(~64% for RC and ~36% for DR5); in the baseline scenario with higher connectivity, the 
storm flow reduction benefits of rain gardens were greater.  This brings to mind thresholds of 
  
151 
effective impervious area (i.e. the proportion of watershed area covered by impervious areas 
with direct hydrologic connections to streams; EI) below which streams are more likely to 
have higher ecological integrity (Schueler et al. 2009; Walsh et al. 2005a).  In our medium-
density urbanized study watersheds, it appears that other more extensive and well-connected 
impervious surfaces (e.g. roads, parking lots, large commercial buildings) are dominant 
sources of stormwater runoff compared to residential rooftops.  However, as our all-
residential-rooftops-connected alternate baseline showed in the higher-density, more 
uniformly developed RC watershed (see Chapter 3), there exists a threshold for residential 
rooftop connectivity beyond which these distributed impervious surfaces of relatively small 
extent (7.4% of watershed area) make statistically significant contributions to stormwater 
production amenable to remediation through residential parcel-scale stormwater retrofits.  
This has at least four implications for managers.  First, for existing residential development, 
it is necessary to quantify baseline rates of rooftop connectivity using the rapid “curb survey” 
approach described here, or other methods (e.g. Roy & Shuster 2009; Han & Burian 2009), 
and to ensure that connectivity does not increase over time.  Second, for new development, 
our research intimates the importance of adopting low-impact design (LID) techniques (i.e. 
treating stormwater runoff close to where it is generated), as has been shown by Dietz & 
Clausen (2008).  Third, it is necessary to consider multiple management strategies at the 
residential parcel scale, for example rainwater harvesting as well as infiltration-based 
approaches such as downspout disconnection (or bioretention) that may be required to 
significantly reduce stormwater event loading (Fletcher et al. 2014).  Fourth, the costs and 
benefits of pursuing stormwater retrofits on single-family residential parcels must be 
weighed against those of pursuing other, perhaps novel, strategies for managing stormwater 
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on more extensive impervious surfaces such as roads and parking lots.  Such management 
strategies, for example installing narrower streets (perhaps with pervious pavement) with 
vegetated swales rather than curbs in residential areas, may have substantial up-front capital 
costs.  However, it is possible these more extreme measures may also reduce costs over the 
long term (e.g. less street area to pave, fewer storm sewers to maintain and monitor), and 
may have desirable side effects (e.g. traffic calming and increased pedestrian safety, with 
concomitant increase in citizen propensity to walk).  Thus, it is important to pursue 
stormwater management planning under the auspices of comprehensive planning processes 
so that such trade-offs and co-benefits can be weighed together.  Given the small non-
statistically significant changes in streamflow at the watershed scale resulting from pervasive 
installation of residential rain gardens (compared to real-world rates of rooftop connectivity), 
managers may need to justify residential stormwater retrofits using metrics beyond 
stormwater pollution reduction, whether to protect biodiversity by providing habitat for 
native pollinators, or simply to raise awareness among citizens of the present and growing 
problems stormwater pollution poses in an urbanizing world. 
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Table 4.1 Comparison land use and development history of study watersheds. 
 DR5 study watershed (Baltimore, 
MD) 
RC study watershed (Durham, NC) 
Development era 1950s-1960s 1910s-1950s 
Drainage area, km2 1.57 1.92 
Weighted average slope (%) 6.77 18.03 
Residential parcel area, ha 54 63 
Residential rooftop area, ha 10.4 14.2 
No. detached houses 630 853 
Houses per hectare 11.7 13.5 
Total impervious (% ws area) 39.9 55.5 
Residential rooftops (% ws 
area) 
6.6 7.4 
Non-residential rooftops (% 
ws area) 
4.9 7.6 
Other impervious (roads, 
parking; % ws area) 
28.3 40.5 
Tree (% ws area) 32.1 35.9 
Lawn (% ws area) 28.0 8.3 
 
Table 4.2 Summary of rooftop connectivity observations in DR5 and RC watersheds. 
Percent roof area directory 
connected to impervious 
DR5 (Baltimore, MD) – number 
of houses sampled (%) 
RC (Durham, NC) – number of 
houses sampled (%) 
0% connected 158 (59.8%) 235 (88.4%) 
25% connected 75 (28.4%) 24 (9.0%) 
50% connected 22 (8.3%) 6 (2.3%) 
75% connected 7 (2.7%) 1 (0.4%) 
100% connected 2 (0.8%) 0 (0%) 
Total houses sampled 264 266 
Total houses in watershed 630 853 
 
Table 4.3 Data types and sources for study watersheds. 
Dataset Dead Run 5 (DR5) Rain Catchers (RC) 
Streamflow gage 
location 
Coordinates from USGS NWIS (gage 
ID 01589312) 
Coordinate from USGS NWIS (gage ID  
0208675010) 
Digital Elevation 
Model (DEM) 
Custom DEM from 2007 Baltimore 
Ecosystem Study (BES LTER) LIDAR 
Custom DEM from 2012 Durham 
County, NC LIDAR 
Land cover Custom 2007 0.6-m land cover from 
BES LTER 
1m land cover provided by U.S. EPA 
Office of Research and Development 
Landscape Characterization branch (Dr. 
Drew Pilant, personal communication 
2012) 
Surface soil texture USDA SSURGO data served by U.S. 
Department of Agriculture WFS and 
SOAP tabular web services4 
USDA SSURGO data served by U.S. 
Department of Agriculture WFS and 
SOAP tabular web services4 
Vegetation leaf 
area index (LAI) 
Minimum LAI, peak LAI, and 
phenology derived from MODIS MOD 
15 LAI and applied to biome types 
derived from land cover. 
Minimum LAI, peak LAI, and 
phenology derived from MODIS MOD 
15 LAI and applied to biome types 
derived from land cover. 
Storm Baltimore County, MD City of Durham Stormwater Services 
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Table 4.4 Rain garden parameterization for DR5 and RC study watersheds. 
 DR5 (Baltimore, MD) RC (Durham, NC) 
Surface detention store (m) 0.1524-m (6-in) 0.1524-m (6-in) 
USDA soil texture class Loamy-sand Loamy-sand 
Soil porosity 0.41 0.41 
Soil percent sand 85% 85% 
Soil percent silt 10% 10% 
Soil percent clay 5% 5% 
Deciduous vegetation leaf area 
index 
4.0 6.0 
Evergreen vegetation leaf area 
index 
4.0 6.0 
Number of 3- by 3-m rain garden 
patches (number of contiguous 
rain garden patches) 
2,850 (1,566) 4,731 (2,380) 
Percentage of watershed area 1.6% 2.2% 
 
drains/sewers 
Climate data 
(temperature, 
precipitation) 
Bias-corrected Hydro-NEXRAD data 
(2000-2009)5. University of Maryland 
Baltimore County Center for Urban 
Environmental Research and Education 
tipping bucket gages (2009-present)6. 
Rain gage located at watershed outlet. 
Temperature data from BWI ASOS 
station.  
North Durham Water Reclamation 
Facility Econet station (DURH) served 
by N.C. State Climate Office CRONOS 
web service7. DURH station approx. 6 
km from watershed centroid. 
  
156
56 
 
Table 4.5 Summary statistics of pervious areas receiving surface flow residential rooftops in the all residential rooftops disconnected and rain garden 
scenarios for DR5 and RC study watersheds.  Number of three-by-three-meter rooftop pixels contributing flow to a single three-by-three-meter 
pervious pixel are listed in the “No. contrib.” column.  Frequency distributions of number of contributing rooftop pixels per pervious receiver pixel are 
listed in the “% of pervious recv.” columns. 
  DR5 RC 
No. contrib. Contributi
ng area 
(m2) 
Disconn.: 
No. 
pervious 
recv. 
Disconn.: Tot. 
contrib. area 
(ha) 
Disconn.: % 
of pervious 
recv. 
Rain 
gardens: 
No. 
pervious 
recv. 
Rain 
gardens: 
Tot. 
contrib. 
area (ha) 
Rain 
gardens: % 
of pervious 
recv. 
Disconn.: 
No. 
pervious 
recv. 
Disconn.: 
Tot. 
contrib. 
area (ha) 
Disconn.: % 
of pervious 
recv. 
Rain gardens: 
No. pervious 
recv. 
Rain 
gardens: 
Tot. 
contrib. 
area (ha) 
Rain 
gardens: 
% of 
pervious 
recv. 
1 9  4,796   4.32  62.0%  4,439  4.00 62.2%  3,860   3.47  48.8%  3,713   3.34  50.9% 
2 18  2,256   4.06  29.2%  1,777  3.20 24.9%  2,307   4.15  29.2%  1,688   3.04  23.1% 
3 27  510   1.38  6.6%  554  1.50 7.8%  773   2.09  9.8%  820   2.21  11.2% 
4 36  126   0.45  1.6%  173  0.62 2.4%  454   1.63  5.7%  433   1.56  5.9% 
5 45  30   0.14  0.4%  95  0.43 1.3%  214   0.96  2.7%  224   1.01  3.1% 
6 54  6   0.03  0.1%  39  0.21 0.5%  137   0.74  1.7%  135   0.73  1.8% 
7 63  3   0.02  0.04%  27  0.17 0.4%  71   0.45  0.9%  92   0.58  1.3% 
8 72  -     -    0.0%  11  0.08 0.2%  37   0.27  0.5%  66   0.48  0.9% 
9 81  1   0.01  0.01%  16  0.13 0.2%  24   0.19  0.3%  44   0.36  0.6% 
10 90  -     -    0.0%  3  0.03 0.04%  8   0.07  0.1%  28   0.25  0.4% 
11 99  1   0.01  0.01%  1  0.01 0.01%  8   0.08  0.1%  18   0.18  0.2% 
12 108  1   0.01  0.01%  1  0.01 0.01%  3   0.03  0.04%  14   0.15  0.2% 
13 117  -     -    0.0%  -    0.00 0.0%  1   0.01  0.01%  8   0.09  0.1% 
14 126  -     -    0.0%  1  0.01 0.01%  1   0.01  0.01%  6   0.08  0.1% 
15 135  -     -    0.0%  -    0.00 0.0%  -     -    0.0%  5   0.07  0.1% 
16 144  -     -    0.0%  -    0.00 0.0%  -     -    0.0%  3   0.04  0.04% 
17 153  -     -    0.0%  1  0.02 0.01%  2   0.03  0.03%  2   0.03  0.03% 
18 162  -     -    0.0%  -    0.00 0.0%  1   0.02  0.01%  -     -    0.0% 
19 171  -     -    0.0%  -    0.00 0.0%  1   0.02  0.01%  -     -    0.0% 
20 180  -     -    0.0%  1  0.02 0.01%  -     -    0.0%  1   0.02  0.01% 
21 189  -     -    0.0%  -    0.00 0.0%  -     -    0.0%  -     -    0.0% 
22 198  -     -    0.0%  -    0.00 0.0%  -     -    0.0%  1   0.02  0.01% 
Total   7,730   10.42   7,139 10.42   7,902   14.23    7,301   14.23   
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Table 4.6 Summary of calibration and GLUE uncertainty analysis for study watersheds. 
 Dead Run 5 
(DR5) 
West Ellerbe Ck. 
(WEC) 
Calibration time 
period 
2008/10/1 – 
2010/10/1 
2008/10/1 – 
2010/10/1 
Normal rainfall 
1981-2010 (mm) 
1,064-mm 1,214-mm 
WY2009 rainfall 
(mm; % normal) 
1,102-mm (104%) 880-mm (73%) 
WY2010 rainfall 
(mm; % normal) 
1,416-mm (133%) 1,143-mm (94%) 
Number of 
calibration 
simulations 
5,000 1,951 
Behavioral 
simulation criteria 
Descending sort 
by NSE-log, 
descending sort 
by NSE, taking 
the top 100 
parameter sets 
Descending sort by 
NSE-log, 
descending sort by 
NSE, taking the 
top 100 parameter 
sets 
Number of 
behavioral 
simulations 
100 100 
NSE range 0.53-0.87 0.50-0.64 
NSE-log range 0.56-0.75 0.36-0.57 
Percent 
observations within 
95% uncertainty 
bounds 
49.59 39.45 
Average Relative 
Interval Length 
(ARIL) 
1.76 2.61 
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Table 4.7 Comparison of behavioral model scenarios showing results of Kolmogorov-Smirnov test 
comparing distributions of weighted ensemble mean daily streamflow (WY2009-2010) from connectivity 
scenarios for each study watershed.  Distributions can be said to differ if K-Scrit (0.0712 for N=730) > K-S, 
and p-value < alpha (alpha=0.05).  Values with a “*” indicate a statistically significant difference in 
distributions. 
Watershed Scenarios K-S p-value 
DR5 Baseline connectivity vs. all residential disconnected 0.0192 0.9992 
DR5 All residential connected vs. all residential disconnected 0.0479 0.3631 
DR5 Baseline connectivity vs. deciduous rain gardens 0.0315 0.8564 
DR5 All residential connected vs. deciduous rain gardens 0.0603 0.1361 
DR5 Baseline connectivity vs. evergreen rain gardens 0.0288 0.9196 
DR5 All residential connected vs. evergreen rain gardens 0.0589 0.1536 
RC Baseline connectivity vs. all residential disconnected 0.0096 1.00 
RC All residential connected vs. all residential disconnected 0.1808* 0.0000* 
RC Baseline connectivity vs. deciduous rain gardens 0.0288 0.9196 
RC All residential connected vs. deciduous rain gardens 0.1863* 0.0000* 
RC Baseline connectivity vs. evergreen rain gardens 0.0233 0.9881 
RC All residential connected vs. evergreen rain gardens 0.1808* 0.0000* 
 
Table 4.8 Comparison of behavioral model scenarios showing catchment-scale specific storm flow 
reduction (i.e. storm flow decrease per unit area treated), and storm flow removal efficiency for each 
treatment scenario over the period WY2009-2010 averaged over all 100 behavioral runs.  Specific storm 
flow reduction and storm flow removal efficiency are relative to 100% removal of rainfall falling on 
residential rooftop area of each catchment (i.e. 14.3-mm/ha, 11.8-mm/ha; 149-mm DR5, 167-mm RC) for 
both 100% connected and baseline connectivity scenarios.  Hydrograph separation was performed using 
the one-parameter digital filter method (α=0.925) provided by the Web-based Hydrograph Analysis Tool 
(https://engineering.purdue.edu/~what/). 
Watershed Scenario 
Weighted 
ensemble 
mean 
storm 
flow 
(mm) 
Weighted 
ensemble 
mean 
baseflow 
(mm) 
Specific 
storm flow 
reduction 
(rel. 100% 
connected;) 
mm/ha) 
Storm flow 
removal 
efficiency 
(rel. 100% 
connected) 
Specific 
storm 
flow 
reduction 
(rel. 
baseline; 
mm/ha) 
Storm flow 
removal 
efficiency 
(rel. 
baseline 
connected) 
DR5 
All 
residential 
connected 
809 428 N/A N/A N/A N/A 
DR5 
Baseline 
connected 
788 445 N/A N/A N/A N/A 
DR5 
All 
residential 
disconnected 
782 449 2.6 17.8% 0.6 3.9% 
DR5 
Deciduous 
rain gardens 
755 464 5.1 35.9% 3.2 22.0% 
DR5 
Evergreen 
rain gardens 
754 462 5.3 36.8% 3.3 22.9% 
RC 
All 
residential 
connected 
724 343 N/A N/A N/A N/A 
RC 
Baseline 
connected 
627 437 N/A N/A N/A N/A 
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RC 
All 
residential 
disconnected 
625 439 7.0 59.5% 0.2 1.4% 
RC 
Deciduous 
rain gardens 
616 448 7.6 64.5% 0.8 6.4% 
RC 
Evergreen 
rain gardens 
617 444 7.5 64.1% 0.7 6.1% 
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Figure 4.1 Conceptual urbanized hillslope showing: vertical and horizontal fluxes of water and nutrients, 
hydrologically connected and disconnected residential rooftops, and storm drain draining transportation 
impervious surfaces.  Current efforts of low-impact development depend on run-on infiltration into 
pervious areas acting as a loss of stormwater to deep ground water (to be released slowly as baseflow), or 
to the atmosphere as evapotranspiration. 
 
 
Figure 4.2 (a) Map of DR5 study watershed in Baltimore, MD; (b) Landcover map of DR5 watershed. 
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Figure 4.3 (a) Map of RC study watershed, along with West Ellerbe Creek calibration watershed in 
Durham, NC; (b) Landcover map of RC watershed. 
  
162 
 
Figure 4.4 Example form used to perform "curb surveys" of residential rooftop hydrologic connectivity. 
 
Parcel'ID:'' Replicate:'' Observer:'
Address:''
Durham,'NC'' Date'and'time:'
'
Occupied?' '
Num.'units:' ''1''''2''''3''''4+'
Num.'stories:' ''1''''2''''3''''4''''5+'
Tenancy' Owner'occupied''''
Rental''''Unclear'
Driveway'
material'
N/A''''Grass''''Dirt'
Sand''''Gravel''''
Concrete'''Asphalt''''
Other'
Driveway'slope' N/A''''To'street'''''''''''
Away'from'street'
Level'w/house'''''''
Level'w/street'
Front'yard'slope' Away'from'house''''
To'house'''''
Level'w/house'''''
Back'yard'slope' Away'from'house''''
To'house'''''
Level'w/house'''''
Left'yard'slope' Away'from'house''''
To'house'''''
Level'w/house'''''
Right'yard'slope' Away'from'house'''
To'house'''''
Level'w/house'''''
'
Front' ' ' ' ' ' ' ' '
Back' ' ' ' ' ' ' ' '
Left' ' ' ' ' ' ' ' '
Right' ' ' ' ' ' ' ' '
'
Front' ' ' ' ' ' ' ' ' ' '
Back' ' ' ' ' ' ' ' ' ' '
Left' ' ' ' ' ' ' ' ' ' '
Right' ' ' ' ' ' ' ' ' ' '
1' ' ' ' ' ' ' ' 8' ' ' ' ' ' ' '
2' ' ' ' ' ' ' ' 9' ' ' ' ' ' ' '
3' ' ' ' ' ' ' ' 10' ' ' ' ' ' ' '
4' ' ' ' ' ' ' ' 11' ' ' ' ' ' ' '
5' ' ' ' ' ' ' ' 12' ' ' ' ' ' ' '
6' ' ' ' ' ' ' ' 13' ' ' ' ' ' ' '
7' ' ' ' ' ' ' ' 14' ' ' ' ' ' ' '
0%''''25%''''50%''''75%''''100%
'
Front yard
Back yard
R
ight side
Left side
For$downspout$drainage,
indicate$order$and$type$of$downslope$land$cover$in$downspout$table$below
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Figure 4.5 Maps of model scenarios for DR5 study watershed in Baltimore, MD; scenarios: baseline 
residential rooftop connectivity based on field observations (top left); all residential rooftops connected to 
impervious surfaces (top right); all residential rooftops disconnected from impervious surfaces (i.e. 
connected to nearest pervious surface; bottom left); all residential rooftops disconnected with rain 
gardens placed according to siting rules (bottom right; both deciduous and evergreen rain garden 
scenarios used the same locations). 
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Figure 4.6 Maps of model scenarios for RC study watershed in Baltimore, MD; scenarios: baseline 
residential rooftop connectivity based on field observations (top left); all residential rooftops connected to 
impervious surfaces (top right); all residential rooftops disconnected from impervious surfaces (i.e. 
connected to nearest pervious surface; bottom left); all residential rooftops disconnected with rain 
gardens placed according to siting rules (bottom right; both deciduous and evergreen rain garden 
scenarios used the same locations). 
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Figure 4.7 Yearly-average water balance comparison for pervious areas of all residential parcels for 
scenarios: rooftop connected to adjacent impervious surfaces (single-family connected; left); to nearby 
pervious areas (single-family disconnected; center left); rooftop connected to deciduous rain garden 
(center right); and rooftop connected to evergreen rain garden (right), for DR5 watershed (top), and RC 
watershed (bottom).  Flux terms were averaged for all pervious areas of residential parcels for CY2008 
for DR5 and CY2009 for RC (years with close to average precipitation amounts for both watersheds); the 
mean values of these pervious parcel-area averages were then selected.  Net run-off is defined as surface 
flow out – surface flow in, net subsurface outflow is defined as subsurface outflow – subsurface inflow.  
To limit the amount of data produced, patch-level water balance data were generated from output from 
single RHESSys simulations for both DR5 and RC based on the behavioral simulations with peak values 
of NSE and NSE-log likelihood functions. 
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Figure 4.8 Yearly runoff averaged at: pervious areas of all residential parcels (left); entire area of all 
residential parcels (middle); all hillslopes (right) for model CY2008 DR5 (top) and CY2009 for RC 
(bottom) models.  Runoff values plotted here are generated from patch-level runoff (in units of 
millimeters), which were converted to volumes, which were converted back into millimeters by dividing 
by the sum of upslope accumulated area and the area of the patch.  Runoff exceeds rainfall input in some 
areas due to a small number of pervious areas that received flow from a large number of rooftop patches.  
To limit the amount of data produced, patch-level water balance data were generated from output from a 
single RHESSys simulation based on the behavioral simulation with peak values of NSE and NSE-log 
likelihood functions.  Runoff for residential rooftops connected scenarios is not shown because direct 
routing of runoff from impervious surfaces drained by storm sewers in RHESSys results in artificially 
lower total surface runoff from these impervious surfaces at the entire parcel and hillslope scales, and is 
thus not comparable to total surface runoff from pervious areas. 
 
Figure 4.9 Yearly infiltration averaged at: pervious areas of all residential parcels (left); entire area of all 
residential parcels (middle); all hillslopes (right) for model CY2008 DR5 (top) and CY2009 for RC 
(bottom). 
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Figure 4.10 Yearly evapotranspiration averaged at: pervious areas of all residential parcels (left); entire 
area of all residential parcels (middle); all hillslopes (right) for model CY2008 DR5 (top) and CY2009 for 
RC (bottom). 
 
Figure 4.11 Comparison of 5%/95% uncertainty boundaries and exceedance probability (%) from 
behavioral parameters for: (left) baseline residential rooftop connectivity (black) v. all residential 
rooftops disconnected (orange); and (right) all residential rooftops connected (black) v. all residential 
rooftops disconnected (orange). Scenarios for DR5 model are at top, with RC model at bottom.  Weighted 
ensemble mean streamflow for all scenarios are plotted on top of the uncertainty bounds. 
a.
d.
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Figure 4.12 Scatter plots of daily streamflow for DR5 model during calibration period of WY2009-2010 
for scenarios: baseline residential rooftop connectivity (x-axis, left); and all residential rooftops connected 
(x-axis, right) compared to scenarios: all residential rooftops disconnected (y-axis, top); deciduous rain 
gardens (y-axis, middle); and evergreen rain gardens (y-axis, bottom).  One-to-one line is drawn in solid 
black, fit between model scenarios is drawn in a dashed-grey line. 
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Figure 4.13 Comparison of seasonal streamflow (averaged over WY2009 and WY2010) from weighted 
ensemble mean time series resulting from behavioral model runs for each modeling scenario for DR5 
watershed (top), and RC watershed (bottom). 
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Figure 4.14 Scatter plots of daily streamflow for RC model during calibration period of WY2009-2010 for 
scenarios: baseline residential rooftop connectivity (x-axis, left); and all residential rooftops connected (x-
axis, right) compared to scenarios: all residential rooftops disconnected (y-axis, top); deciduous rain 
gardens (y-axis, middle); and evergreen rain gardens (y-axis, bottom).  One-to-one line is drawn in solid 
black, fit between model scenarios is drawn in a dashed-grey line. 
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Figure 4.15 Comparison of 5%/95% uncertainty boundaries and exceedance probability (%) from 
behavioral parameters for: (left) baseline residential rooftop connectivity (black) v. deciduous rain 
gardens (orange); and (right) all residential rooftops connected (black) v. deciduous rain gardens 
(orange).  Scenarios for DR5 model are at top, with RC model at bottom.  Weighted ensemble mean 
streamflow for all scenarios are plotted on top of the uncertainty bounds.  The 95% uncertainty bounds 
for deciduous and evergreen rain gardens were nearly the same.  To save space only plots for deciduous 
rain gardens are shown. 
  
c. d.
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CHAPTER 5. CONCLUSION 
The objective of this dissertation was to improve understanding of how small-scale 
redistribution of stormwater affects water budget and storm flow and baseflow volume across 
spatial scales in urbanized watersheds through the use of ecohydrology modeling.  
Developing such models requires the integration of high spatial resolution information 
describing land cover, topography, soils, vegetation, infrastructure and other information; this 
integration can be time consuming and potentially error prone.  It therefore requires the 
development and testing of software tools that allow water scientists to rapidly develop 
reproducible ecohydrology modeling workflows.  An additional goal is to develop workflows 
and model software that will enable fine-resolution modeling of ecohydrologic processes 
over the range of watershed conditions from fully forested to urban watersheds, and to extend 
the concept of variable source area hydrology due to lateral surface redistribution of water.  
To meet this objective, we developed: 
 Workflow software that allows water scientists to rapidly acquire and transform 
spatial data needed for ecohydrology model parameterizations;   
 Improved representation of small-scale engineered surface drainage (e.g. gutters 
and downspouts draining residential rooftops) in the RHESSys ecohydrology 
model; and 
 Numerical experiments of various residential area surface drainage 
configurations (e.g. routing rooftops to streets, lawns, or engineered rain gardens). 
  
176 
This chapter revisits conclusions from chapter 2, 3 and 4, before synthesizing broader 
conclusions related to ecohydrology modeling and urban stormwater.  Finally, overall 
significance, policy implications and potential future work are discussed. 
5.1 A common framework for reproducible ecohydrology model data preparation 
workflows: EcohydroLib and RHESSysWorkflows 
EcohydroLib allows modelers to rapidly acquire, geographically register and resample 
geospatial data needed for ecohydrology models and to store these data in a generic format in 
a common location on disk, with automatic recording of provenance information and 
metadata.  We demonstrated the use of EcohydroLib to acquire data needed to build Regional 
Hydro-Ecological Simulation System (RHESSys) data preparation workflows using 
RHESSysWorkflows for three catchments including forested and medium-density urban sites.  
Starting from geospatial data in generic, non-RHESSys-specific formats and using 10-20 
RHESSysWorkflows commands, it took four-six hours for myself to build working 
RHESSys models for three small headwater watersheds.  It took the least amount of time to 
build the West Ellerbe Creek 30-meter resolution model (WEC30m; not including time 
needed to produce climate data manually, which were shared with the 5-meter resolution 
model for West Ellerbe Creek), in part because the WEC30m workflow relied on 
EcohydroLib tools for acquiring national spatial data infrastructure data hosted via web 
services (e.g. National Elevation Dataset DEM and National Land cover Dataset 2006 land 
cover).  Typical manual workflows for building RHESSys model parameterizations require 
users to run 50 or more commands against already-acquired geospatial data.  Given their 
greater number of steps, these manual workflows are typically more error-prone than 
RHESSysWorkflows workflows, and can take an expert RHESSys user one to two eight-
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hour days to complete, though without automatic metadata capture, which challenges 
scientific reproducibility.  For novice RHESSys users, it can take several weeks to build 
one’s first few models, after having attending a two- to three-day RHESSys training session.  
In our case study, the rapid development of RHESSys models for three watersheds, two 
urban and one forested, shows the potential for RHESSysWorkflows and EcohydroLib to 
accelerate site inter-comparisons across ecosystems using ecohydrology modeling 
methodologies.  Further, the development of two models at different spatial resolutions for 
the West Ellerbe Creek watershed (WEC5m and WEC30m models) shows the potential of 
these workflow tools to speed comparisons between different model structures.  The 
importance of enabling rapid model parameterization and comparison cannot be understated 
given the current lack of peer review for scientific model code and the tendency of some 
scientists to implicitly trust code that has been used in peer-reviewed publications (Joppa et 
al., 2013). 
5.2 The role of residential rooftop hydrologic connectivity in stormwater runoff in 
urbanized ecosystems 
Chapter 3 explores how residential rooftop hydrologic connectivity influences daily 
storm flow and baseflow in the context of the Urban Variable Source Area (UVSA) concept, 
as well as how the location of connectivity in a watershed relative to distance to the nearest 
stream affects stormwater volume, in two 1-2-km2 medium-density heterogeneous urbanized 
Piedmont headwater watersheds in Baltimore, MD and Durham, NC.  Such small-scale 
stormwater management is gaining attention as managers seek to meet water quality goals, 
yet it is not clear that existing development on small residential parcels significantly alters 
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pre-development hydrology in heterogeneous watersheds with a mixture of residential and 
commercial development as well as extensive transportation networks. 
We hypothesized that: 
 Decreasing residential rooftop connectivity to impervious surfaces drained by 
storm sewers will decrease daily storm flow while increasing baseflow; and  
 Disconnecting rooftops farther from the stream will yield smaller storm flows 
compared to disconnected rooftops closer to the stream. 
To evaluate these hypotheses, we used RHESSys simulations of four scenarios of residential 
rooftop hydrologic connectivity to nearby impervious surfaces drained by storm sewers.  In 
these scenarios only surface hydrologic connectivity was varied by routing rooftops to 
existing pervious areas (e.g. lawns), the composition (e.g. vegetation and soils) of these 
pervious areas was not varied.   
We found that disconnecting all single-family residential rooftops from nearby 
impervious surfaces results in decreased daily storm flow and increased baseflow, with a 
slight reduction in yearly streamflow.  This result was only statistically significant for the 
Durham, NC watershed.  We hypothesize that this is due to the Baltimore, MD watershed’s 
silt loam surface soil texture (with low saturated hydraulic conductivity and infiltration 
capacity compared to the sandy loam surface soils in the Durham, NC watershed), as well as 
its greater density of single-family development, and more uniform distribution of residential 
development, which lead to greater subsurface storm flow response in the Baltimore, MD 
watershed, making downspout disconnection less effective.  We could not discern a 
difference in streamflow response based on where in the watershed (near-to vs. far-from 
stream) residential rooftops were connected or disconnected, and interpret this as evidence of 
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the dominant role of pervasive storm sewers and curbs in reducing runoff or subsurface 
throughflow lengths compared to topographic distance to streams and expected variable 
source area runoff in our study watersheds.  We also identified the unintended consequence 
of rooftop downspout disconnection, a putative infiltration-based SCM, producing a negative 
feedback loop of decreased infiltration and increased infiltration-excess and saturation 
overland flow as well as subsurface storm flow due to concentration of recharge sites.  This 
feedback, ignored in most stormwater modeling approaches, reduces the efficacy of 
downspout disconnection and highlights the need for distributed watershed-scale ecosystem-
based modeling approaches to stormwater management that include linkages between 
variable source area dynamics and surface and subsurface flow processes in urbanized 
ecosystems. 
5.3 Green infrastructure retrofits on residential parcels: Ecohydrologic modeling for 
stormwater design 
In Chapter 4, I sought to improve understanding of how small-scale redistribution of 
water at the parcel scale as part of green infrastructure implementation affects urban water 
budgets and storm flow and baseflow volume across spatial scales.  This cross-scale 
approach is necessary because while it has been shown that green infrastructure can have 
site-based hydrological benefits, it is not clear how these benefits translate to the watershed-
scale.  Despite this uncertainty, site-scale design tools are dominant in stormwater 
engineering.  We developed ecohydrology modeling experiments for two headwater 
catchments in Baltimore, MD Durham, NC to compare the effectiveness of redirecting 
residential rooftop runoff to existing un-altered pervious surfaces (see Chapter 3), or to 
engineered rain gardens with modified soils and vegetation, to reduce stormwater runoff.   
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We hypothesized that, compared to existing pervious areas, rain gardens will: 
 Increase infiltration and evapotranspiration and decreased runoff across spatial 
scales (parcel to hillslope); 
 Decrease watershed-scale daily storm flow and increase baseflow. 
The results from these experiments using RHESSys show that placing rain gardens on 
residential parcels, compared to performing simple residential rooftop downspout 
disconnections to un-altered pervious areas, results in increased evapotranspiration and 
decreased net overland flow from pervious areas of residential parcels.  While these results 
were similar for Baltimore, MD (DR5) and Durham, NC (RC) study catchments, the decrease 
in net overland flow (runoff) was nearly 100% greater for rain gardens in RC.  The greater 
decrease in net runoff in rain garden scenarios in RC is due to a larger increase in mean net 
subsurface outflow in rain gardens in RC, larger increase in mean groundwater drainage 
given equal or greater increases in ET for rain gardens in RC.   
Looking across spatial scales, from pervious areas of residential parcels, to entire 
residential parcels, to hillslopes, introducing rain gardens resulted in slightly increased ET in 
DR5 and RC, compared to downspout disconnection to un-altered pervious areas.  Infiltration 
also increased in rain garden scenarios in DR5, and this increase was evident across spatial 
scales.  However in the RC watershed, infiltration for the rain garden scenarios decreased at 
the pervious parcel area scale but was similar to infiltration seen in the disconnected scenario 
at the entire parcel and hillslope scales.  This slight decrease in average infiltration on 
pervious areas of residential parcels for rain garden scenarios in RC is due to an increase in 
the mean number of days with saturated conditions.  The increase in saturated conditions 
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results from greater average percentage increases in subsurface inputs due to higher soil 
transmissivity in RC compared to DR5. 
At the watershed scale, rooftop runoff redirected to rain gardens built on residential 
parcels, even pervasively applied across two distinct watersheds, have only small, non-
statistically significant effects (increasing base flow levels and decreasing daily storm flow 
peaks) when compared to scenarios with observed rates of residential rooftop connectivity to 
impervious surfaces determined through field surveys.  This is perhaps not surprising due to 
the small area of each study watershed given to residential rooftops, the low rates residential 
rooftop connectivity to nearby impervious surfaces we observed through field surveys, and 
the small area of each watershed converted to rain gardens (1.6% in DR5, 2.2% in RC).  It 
was only by introducing an artificial baseline scenario, where all residential rooftops had 
100% of their area connected directly nearby impervious surfaces drained by storm sewers, 
were we able to see statistically significant reductions in storm flow peaks and increases in 
baseflow in the rain garden scenarios, and then only in the RC watershed.  Thus, in 
watersheds with greater residential rooftop area, or high rates of residential rooftop 
connectivity to impervious surfaces drained by storm sewers, the LID practices investigated 
here could be more effective. 
5.4 Summary conclusions 
The cross-scale narrowing of differences in stormwater fate due to both methods 
examined for managing residential stormwater – routing rooftops directly to impervious 
surfaces drained by storm sewers vs. routing to un-altered pervious areas vs. rain gardens – 
shows the limited capacity of stormwater retrofits on small portions of heterogeneous 
urbanized watersheds to change storm flow and baseflow volume at the watershed scale.  
  
182 
Indeed, it was only by comparing such retrofits to baseline scenarios with artificially high 
rates of residential rooftop connectivity for our study watersheds that we were able to show a 
statistically significant reduction in stormwater volume at the watershed scale, and then only 
for the higher-density Durham, NC.  For the study watersheds used in this dissertation, 
residential rooftop areas were small (6-7% of watershed area), and rates of residential rooftop 
connectivity were low (11-40%).  The increase in specific storm flow reduction and removal 
efficiency relative to the 100% connected scenario shows that downspout disconnection and 
rain garden LID treatments may be more effective in other watersheds with greater rooftop 
area or connectivity rates.  In addition to its higher density, the Durham watershed’s sandy 
loam soils, which have an intrinsically higher transmissivity than the silt loam soils in the 
Baltimore, MD watershed, supported higher infiltration rates across all baseline and retrofit 
scenarios, and progressively higher groundwater recharge and net subsurface flows in our 
retrofit scenarios.  Thus, the Durham, NC watershed showed statistically significant 
decreases in watershed-scale stormwater runoff (compared to the 100% connected baseline) 
as a results of both downspout disconnection to existing pervious areas and to rain gardens, 
with rain gardens showing a small marginal decrease in runoff over simple disconnections.  
This was because the Durham, NC watershed has the capacity in its soils to absorb the 
additional recharge from residential rooftop runoff, and greater ET capacity driven by higher 
atmospheric demand as well as increased tree cover, whereas the Baltimore, MD watershed 
lacked this capacity, instead redirecting more infiltrated water to shallow subsurface storm 
flow and saturation overland flow.  Interestingly, while the results were not statistically 
significant in Baltimore, MD, this watershed did exhibit a greater marginal decrease in 
watershed-scale storm flow due to rain gardens than did the Durham, NC watershed.  This is 
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because the difference in soil infiltration capacity between existing soils and those of rain 
gardens was larger in the Baltimore, MD watershed (where lawns are the dominant land 
cover in pervious areas of residential parcels compared to trees in Durham, NC).  In this 
sense, the Durham, NC watershed was perhaps in less need of rain gardens than the 
Baltimore, MD watershed.  However, the more uniform distribution of residential 
development in the Durham, NC study catchment, which lacks the extensive intact riparian 
forest that is present in the Baltimore, MD watershed, combined with the greater infiltration 
capacity of its soils and greater ET, helps to yield statistically significant decreases in 
stormwater volume, and thus greater sensitivity to residential-scale stormwater retrofits in 
Durham, NC. 
The greater sensitivity of the Durham, NC watershed to LID retrofits reflects the greater 
capacity of this watershed to transform stormwater runoff from impervious surfaces into slow 
flow, deep groundwater recharge, or evapotranspiration (ET) through run-on infiltration.  We 
conceptualize this capacity, or watershed capacitance, as incorporating the climate, 
vegetation and land use, as well as topography and soils axes from the classic “Dunne 
diagram” (Dunne & Leopold 1978; Figure 5.1a).  Watershed capacitance, the ability of a 
watershed to hold and slowly release stormwater, accounts for the effect of watershed context 
in low-impact development stormwater performance.  This context provides the primary 
control on watershed-scale stormwater fate due to a series of site-scale LID implementations 
(Figure 5.1b).  Note that watershed capacitance is not an immutable property of a watershed, 
but can vary to some degree, for example over short time scales (days to weeks) with 
antecedent moisture conditions, seasonally as vegetation cover and weather patterns change, 
or over longer time scales with changes in rainfall intensity and duration due to climate 
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change.  Based on model data from Chapters 3 and 4, we have placed the Baltimore, MD and 
Durham, NC watersheds on the low-impact development stormwater fate diagram (Figure 
5.1b) to show the range of possible watershed capacitance and dominant runoff responses for 
our LID experiments.  In general, the Durham, NC shows a greater potential for watershed-
scale transformation of impervious surface runoff to baseflow, deep groundwater recharge 
and evapotranspiration, due to its greater watershed capacitance.  However, the Durham, NC 
watershed’s higher density of residential land use caused greater Hortonian overland flow 
(HOF) for downspout disconnections to un-altered pervious areas, while the Baltimore, MD 
watershed showed higher HOF for the rain garden scenarios due to the lack of infiltration 
capacity in the silt loam soils surrounding its rain gardens.  Thus, to answer the over-arching 
question posed in Chapter 1, it appears that specific properties of the landscape can be 
identified that contribute to a watershed capacitance that determines whether run-on 
infiltration at the site scale translates into significant decreases in storm flow at the watershed 
scale. 
The sensitivity of residential stormwater management retrofit performance to watershed-
specific differences in soils, vegetation, and land use pattern in medium-density catchments 
highlights the need for high spatial resolution process-based fully distributed ecohydrology 
modeling assessments of stormwater that link fluxes of water through subsurface and 
engineered surface flow paths.  The data-intensive nature of such assessments, and the 
pressing need to reduce stormwater pollution from existing development, require the use of 
high-leverage model data acquisition and preparation workflow tools such as EcohydroLib 
and RHESSysWorkflows.  Such tools promise to enable more rapid ecohydrology modeling 
assessments of residential stormwater retrofits in medium density urbanized watersheds with 
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heterogeneous land cover including forested areas, extensive transportation impervious 
surface networks, and large retail development.  Additionally, given the potential for 
contention and litigation among citizens, managers, technical consultants, and property 
owners over proposed measures for reducing nonpoint source stormwater pollution, it is 
essential that these workflow tools make it easy for scientists and managers to produce 
assessments that are well documented and reproducible. 
5.5 Significance 
This dissertation applies a novel high spatial resolution, distributed, cross-scale 
ecosystem-based modeling approach to stormwater management that explicitly models the 
interactions of fine-scale subsurface and engineered surface flows in medium-density 
urbanized watersheds.  This approach contributes to urban variable source area modeling by 
helping to identify conditions under which runoff from impervious surfaces drained by storm 
sewers is the dominant contributor of stormwater volume in humid catchments compared to 
underlying variable source area processes of rapid subsurface flow, return flow or direct 
runoff from saturated areas.  Further, this work helps to improve the reproducibility of and 
speed with which this modeling approach can be applied by developing open-source software 
tools that make it easier to acquire necessary geospatial input data available via web services, 
and to combine these data with custom local datasets needed for high spatial resolution 
modeling of urbanized ecosystems, while automatically capturing data provenance and 
workflow metadata information. 
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5.6 Policy implications 
This research has important implications for stormwater policy and management in 
medium-density urbanized watersheds in humid regions: 
 Assessments of stormwater retrofit strategies must explicitly consider watershed 
context as well as site-scale effects; 
 Rates of residential rooftop connectivity should quantified, and connectivity 
should not be allowed to increase at the watershed level; 
 Low-impact development strategies should be adopted for all new development; 
 The costs and benefits of pursuing stormwater retrofits on single-family 
residential parcels must be weighed against stormwater management elsewhere in 
the watershed; 
 Feedbacks of variable source area dynamics to the run-on infiltration strategies of 
LID need to be explicitly considered as potential limiting factors of these 
practices; and 
 Methodological frameworks for increasing catchment scale “capacitance” to 
process concentrated recharge contributed from impervious surfaces as part of 
LID design and implementation should be a major management goal, and should 
consider the catchment as an integrated system, rather than as a set of independent 
sites. 
These conclusions are summarized in the following paragraphs.  First, our modeling 
assessment shows that site-scale changes in stormwater fate due to residential stormwater 
retrofits do not necessarily translate into statistically significant changes in stormwater 
volume at the watershed scale.  Relatedly, residential-scale stormwater retrofits influence 
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watershed-scale stormwater volume in watershed-specific ways.  Together the potential for 
differential stormwater response to retrofits across scales and between sites (i.e. translation of 
Hortonian overland flow from impervious surfaces to saturation overland flow or subsurface 
storm flow rather than lost as deep groundwater recharge or ET) highlights the need for 
process-based spatially distributed watershed-based assessments of stormwater retrofit 
implementation strategies in medium-density urbanized watersheds, assessments which 
explicitly consider the effects of watershed context, rather than a series of individual site 
assessments.  It should be noted that the nature of water quality regulations may be a barrier 
to evaluating results from hydrologic assessments of watershed-scale stormwater.  At present, 
water quality regulations in the U.S. do not typically require reductions of storm flow 
volumes at the watershed scale (National Research Council 2008); watershed-scale 
requirements tend to be limited to pollutant loadings (e.g. Falls Lake Rules in Durham, NC).  
In many municipalities (including Baltimore County Maryland, and Durham, NC), 
stormwater runoff reductions are required only at the site-scale. 
Second, for existing residential development, it is important that managers quantify rates 
of rooftop connectivity, for example using the rapid “curb survey” approach described in 
Chapter 4 or other methods (Han & Burian 2009; e.g. Roy & Shuster 2009).  Such 
impervious connectivity assessments, which should be done periodically to identify possible 
trends, can provide data needed for both modeling assessments, and for developing policies 
to ensure that connectivity does not increase over time.  Third, for new development, our 
research intimates the importance of adopting low-impact design (LID) techniques (i.e. 
treating stormwater runoff close to where it is generated), as has been shown by Dietz & 
Clausen (2008).  Lastly, the costs and benefits of pursuing stormwater retrofits on single-
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family residential parcels must be weighed within the context of pursuing other, perhaps 
novel, strategies for managing stormwater on more extensive impervious surfaces such as 
roads and parking lots.  Such novel management, for example installing narrower streets 
(perhaps with pervious pavement) with vegetated swales rather than curbs in residential areas, 
may have substantial up-front capital costs.  However, it is possible these more extreme 
measures may also reduce costs over the long term (e.g. less street area to pave, fewer storm 
sewers to maintain and monitor), and may have desirable side effects (e.g. traffic calming 
and increased pedestrian safety, with concomitant increase in citizen propensity to walk).  
Thus, it is important to pursue stormwater management planning under the auspices of 
comprehensive planning processes so that such trade-offs and co-benefits can be weighed 
together.  In the end, managers may need to justify residential stormwater retrofits using 
metrics beyond stormwater pollution reduction, whether to protect biodiversity by providing 
habitat for native pollinators, or simply to raise awareness among citizens of the present and 
growing problems stormwater pollution poses in an urbanizing world. 
5.7 Future work 
5.7.1 EcohydroLib and RHESSysWorkflows 
This research contributes to the development of software tools that can be used by a 
community of researchers and managers to develop and deploy model-specific tools similar 
to RHESSysWorkflows for other models (e.g. SWAT, VIC).  Such model-specific tools 
could then be shared using community resources such as HydroShare 
(http://hydroshare.cuahsi.org/).  We note that additional work needs to be done to solve 
remaining EcohydroLib (and thus RHESSysWorkflows) limitations in at least three respects.  
First, EcohydroLib does not provide access to vegetation leaf area index (LAI) data 
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necessary for many ecohydrology models.  We plan to add workflow commands for 
acquiring such data across a range of spatial and temporal resolutions via web services that 
host remote sensing data from MODIS and Landsat TM.  Second, EcohydroLib does not 
provide formal descriptions of the inputs and outputs required to run each workflow 
command.  In the future, we plan to add such descriptions, which will facilitate integration of 
EcohydroLib and RHESSysWorkflows with general workflow development environments 
such as Cyberintegrator, Kepler, or VisTrails.  Integration with such workflow tools would 
also provide a graphical user interface for EcohydroLib and RHESSysWorkflows (as well as 
any other model-specific component built on top of EcohydroLib).  Lastly, while the project 
directory and metadata structure provided by EcohydroLib and RHESSysWorkflows makes 
it possible to share all data and model source code for a project along with metadata and 
provenance information, such sharing still requires a user to archive a project directory and to 
e-mail or otherwise send the archive to colleagues.  We are developing an EcohydroLib 
command to allow users to publish their workflows to HydroShare 
(http://hydroshare.cuahsi.org/).  Currently in development, HydroShare will provide a 
platform for sharing, discovering, and archiving hydrologic data and models. 
5.7.2 Extension of modeling experiments to other watersheds 
Building on our watershed capacitance concept, we plan to conduct similar ecohydrology 
modeling experiments of LID implementation in semiarid and arid urban ecosystems, as well 
humid watersheds with different rain patterns (e.g. the Pacific Northwest), northern snow-
melt dominated systems, and regions with recent glacial geology.  These additional studies 
will allow us to refine the capacitance concept into a predictive theoretical framework, while 
providing insight into how LID implementation can be applied to maximize ecosystem 
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services priorities unique to specific urbanized ecosystems.  Also, application to new 
watersheds may help provide the information needed to encourage stakeholders to weigh the 
costs and benefits of adopting residential household scale stormwater management.  As a first 
step toward building tools to make such information available to municipal governments, 
stormwater utilities, watershed not-for-profits, and perhaps property owners associations and 
individual citizens, we are collaborating with other researchers to develop interactive web-
based design and visualization tools for green infrastructure. 
5.7.3 Verification and enhancement of modes through field-collected ecophysiology data 
Compared to traditional stormwater models such as SWMM, or to lumped or semi-
distributed models, as well as low spatial resolution distributed models, high-resolution 
distributed models such as RHESSys provide outputs that are more directly comparable to 
point-scale observation of variables of concern to hydrology and biogeochemistry such as 
soil moisture.  We hope to verify our modeling results using urban field-collected 
ecophysiology data such as distributed soil moisture, observation well, piezometer, sap flux 
and other data, thus using our process-based RHESSys ecohydrology models as sources of 
hypotheses for field experiments.  For example, using field observations of residential 
rooftop connectivity collected as part of this dissertation as a guide to sampling, we are 
interested in testing whether pervious areas (e.g. lawns) that receive flow from residential 
rooftops do indeed show lower rates of infiltration and higher rates of subsurface flows on 
average than pervious areas that do not receive such flow, or whether adjustments to the 
RHESSys model structure related to infiltration and soil evaporation are in order.  In addition 
to giving us more confidence in the watershed-scale predictions of our models, confirming 
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the site-scale predictions of these models will help to guide further urban variable source area 
theory development. 
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Figure 5.1 (a) Conceptual diagram showing dominant runoff processes and their controls in un-
developed and low- and medium-density urbanized watersheds, reproduced from Dunne and Leopold 
1978 (left); and (b) Dominant watershed-scale stormwater fate resulting from low-impact development 
implementation (as retrofits or new development) in low- to medium-density urbanized watersheds 
(right).  Stormwater fate depends on watershed capacitance, which is the ability of a watershed to hold 
and slowly release stormwater.  Capacitance incorporates the climate, vegetation and land use, as well as 
topography and soils axes from the “Dunne diagram” (a).  The percentage of LID stormwater flow 
typical in DR5 (Baltimore, MD), and RC (Durham, NC) is indicated below each stormwater fate.  The 
general trend is that the higher capacitance watershed (RC) has higher baseflow, ET, and deep 
groundwater recharge, while the lower capacitance watershed (DR5) has higher saturation overland flow, 
and subsurface storm flow.  However, both watersheds exhibit moderate levels of Hortonian overland 
flow, (HOF) but for different reasons.  The Durham, NC watershed’s higher density of residential land 
use caused greater HOF for downspout disconnections to un-altered pervious areas, while the Baltimore, 
MD watershed showed higher HOF for the rain garden scenarios, due to the lack of infiltration and 
storage capacity in the silt loam soils surrounding its rain gardens. 
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